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X-RAY DIFFRACTION STUDIES OF THE 
SOLID—LIQUID TRANSITION OF SODIUM
By
BERNARD ANDREW KULP
1 in tro d u c tio n
I t  Is  v e i l  e s ta b l is h e d  t h a t  th e  h e a t  m otion  o f  th e  
atoms o f  a  c r y s t a l  a f f e c t  th e  d i f f r a c te d  in te n s i t y  o f  
x - r a y s .  In  g e n e ra l ,  f o r  h ig h -m e ltin g  su b s ta n c es  a t  room 
tem p era tu re  o r  su b s ta n c es  f a r  from  t h e i r  m e ltin g  p o in ts ,  
t h i s  e f f e c t  may n o t be n o t ic e a b le .  H ovever, a s  th e  tem per­
a tu r e  i s  r a is e d  to  th e  m e ltin g  p o in t ,  th e  i n t e n s i t y  o f  
r e f l e c t i o n  d e c re a se s  u n t i l  th e  l i n e  d is a p p e a rs  a t  th e  
m e ltin g  p o in t .  The p a t t e r n  o f  th e  c r y s t a l l i n e  s t a t e  o f 
th e  m a te r ia l  th u s p a sse s  to  th e  p a t te r n  f o r  th e  l iq u id  
s t a t e .
Debye1  was th e  f i r s t  to  c a lc u la te  th e  e f f e c t  o f  
•b eb y e , P . ,  Ann. d . P h y sik , $ 3 ,  4 9 ( 191* ) .
th erm al v ib r a t io n s  on th e  s c a t t e r in g  pover o f  a  c r y s t a l .
H is f i r s t  v o rk  co n sid ered  th e  atoms to  be Independen t o f
peach  o th e r .  L a te r  c a lc u la t io n s  by Debye and W alle r have
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2W a lle r , I . ,  Z e l t .  f .  P h y slk , r f ,  398(1923).
51 , 213(1928).
r e s u l te d  In  a  th e o ry  f o r  th e  e f f e c t  o f tem p era tu re  on th e  
I n te n s i ty  o f  th e  x - ra y  d i f f r a c t i o n  l in e s  t h a t  I s  v e i l  borne 
ou t by ex p erim en t. In  g e n e ra l ,  th e  w id th  o f  th e  l in e  I s  
n o t changed by th e  th e rm al v ib r a t io n s ,  b u t th e  I n te n s i ty  
I s  d im in ish ed . The th e o ry  I s  expected  to  ho ld  r ig o ro u s ly  
f o r  cu b ic  c r y s t a l s ,  o f  one kind o f  atom and a t  tem p era tu re s  
n o t too  n e a r  th e  m e ltin g  p o in t .
As f a r  a s  th e  a u th o r  knovs, no experim en ts have been 
d esigned  to  s tu d y  th e  i n t e n s i t y  o f  an x - r a y  d i f f r a c t i o n  
l in e  th rough  th e  m e ltin g  p o in t .  F o r th e  experim en ts to  
be d e sc r ib e d  h e re ,  a p p a ra tu s  v as  designed  and c o n s tru c te d  
to  fo llo w  a c c u ra te ly  th e  I n t e n s i t y  o f a  powder d i f f r a c t i o n  
l in e  from  a  s o l id  a s  I t  v as  c a r r ie d  th rough  th e  m e ltin g  
ran g e . M e ta l l ic  sodium was chosen as th e  m a te r ia l  to  be 
In v e s t ig a te d  f o r  s e v e r a l  re a so n s :  The m e ltin g  p o in t  i s  In
an e x p e r im e n ta lly  co n v en ien t tem p era tu re  re g io n  so th a t  an  
em ulsion  In  an  i n e r t  o i l  could  be e a s i l y  p re p a re d ; th e  
s c a t t e r in g  power f o r  x - ra y s  I s  h ig h  w h ile  th e  a b so rp tio n  
I s  f a i r l y  low; th e  c a ta ly z e r  f o r  he te rogeneous n u c le a t io n  
(NaOH) i s  e a s i l y  form ed; sodium I s  a  "s im p le” m e ta l whose 
s t r u c tu r e  I s  w e ll known; and l a s t l y  t h i s  m e ta l h as re c e iv e d  
a  g r e a t  d e a l  o f  a t t e n t i o n  from  th e  t h e o r i s t s  and I t s
- 3 -
p ro p e r t ie s  a re  perhaps b e s t  understood  o f  a l l  th e  m e ta ls .
I t  seemed s u f f i c i e n t  to  s tu d y  th e  i n t e n s i t y  o f  one l i n e , 
so th e  110 l in e  a t  20 = 29 .5 °  f o r  CuK°< r a d ia t io n  vas u sed .
E a r ly  in  th e  s t u d i e s , i t  v a s  e s ta b l is h e d  th a t  in  
o rd e r  to  o b ta in  re p ro d u c ib le  r e s u l t s ,  th e  sample had to  
be in  th e  form  o f  sm all p a r t i c l e s  i s o la te d  from  each  o th e r ,  
so t h a t  th ey  d id  n o t c o a le sc e  on m e ltin g . The r a t e  o f 
c r y s t a l  g ro v th  o f  sodium i s  v e ry  h ig h , so t h a t  once m e lte d , 
i t  v as  im p o ssib le  to  s o l i d i f y  a  b u lk  sample i n  a  c o n d it io n  
to  g iv e  a  povder p a t t e r n .  The sample used th ro u g h o u t th e  
experim en ts c o n s is te d  o f  a  d is p e r s io n  o f  sodium in  m in e ra l 
o i l .  There vas a  50 p e rc e n t s o l id  c o n te n t in  th e  d i s ­
p e rs io n  and a  p a r t i c l e  s iz e  range  v l th  th e  maximum s iz e  
o f th e  o rd e r  o f  2 m icrons (10”^ cm.) in  d ia m e te r . The 
m e ltin g  c h a r a c t e r i s t i c s  o f  such a  sample a re  n o t expected  
to  d i f f e r  g r e a t ly  from th e  m e ltin g  c h a r a c t e r i s t i c s  o f  a  
b u lk  sam ple. The s o l i d i f i c a t i o n  c h a r a c t e r i s t i c s ,  h o v ev er, 
sh o u ld , and do , shov some v e ry  u n u su a l e f f e c t s ,  d i r e c t l y  
a s c r lb a b le  to  th e  p a r t i c l e  s iz e  and su r fa c e  c o a tin g  o f 
th e  d ro p le ts  in  th e  d is p e r s io n .
11 APPARATUS and  equipm ent
The a p p a ra tu s  designed  and c o n s tru c te d  f o r  th e  v o rk  
c o n s is te d  o f a  h ig h  v o lta g e  pover su p p ly  v i th  v o lta g e  and 
c u r re n t  r e g u la to r s  and a  th e r m o s ta t ic a l ly  c o n tro l le d  sample 
chamber to g e th e r  v l th  a  p ro p o r t io n a l  c o u n te r  x - r a y  d e te c to r
- 4 -
w ith  a s s o c ia te d  a m p lif ie r s  and co u n tin g  equipm ent.
2 .1  High V o ltage  Power Supply
A h ig h  v o lta g e  power supp ly  f o r  th e  copper t a r g e t  
M ach le tt A-2 d i f f r a c t i o n  tube  was designed  and b u i l t .  The 
u n i t  c o n s is ts  o f  a  s in g le  h ig h  v o lta g e  so u rce  and two 
c u r re n t  so u rces w ith  s e p a ra te  c o n tro ls  and r e g u la to r s , so 
t h a t  two x - ra y  tu b es may be o p e ra ted  s im u lta n e o u s ly  w ith ­
o u t I n te r f e r e n c e .  The d e s ig n  I s  based upon t h a t  o f  a  
s im i la r  power supp ly  b u i l t  by James G ollenge^ and d e sc r ib e d
^ c o lle n g e , J .  P . ,  T h e s is , M .S ., Ohio S ta te  U n iv e r s i ty (19^9)•
by him. S u f f ic ie n t  d if f e r e n c e  In  th e  d e s ig n  and con­
s t r u c t io n  o f t h i s  u n i t  makes a  s h o r t  d e s c r ip t io n  w orth ­
w h ile . F ig u re  1 shows th e  o v e r a l l  schem atic  o f  th e  su p p ly . 
The v o lta g e  i s  re g u la te d  by means o f  a  s e r i e s  tube  In  th e  
h ig h  v o lta g e  l i n e  and th e  c u r re n t  I s  r e g u la te d  by means o f 
a  s e r i e s  impedance in  th e  p rim ary  c i r c u i t  o f  th e  f i la m e n t 
t ra n s fo rm e rs .
L ine  power I s  su p p lie d  to  th e  v a r io u s  components o f 
th e  power supp ly  th rough  a  s e r i e s  o f  sw itc h es  and i n t e r ­
lo c k s . The s t a tu s  o f th e  v a r io u s  components I s  In d ic a te d  
by p i l o t  l i g h t s .  F ig u re  2 shows th e  c i r c u i t  d iagram  f o r  
th e  power and s a f e ty  c i r c u i t s  and th e  lo c a t io n  o f  th e  
v a r la c s  and te rm in a l  s t r i p s .  The m ain power sw itc h  and th e  
p r o te c t iv e  c u r r e n t  r e la y s  a re  lo c a te d  a t  th e  r e a r  o f  th e
Cptmm-
TtfA # s r o  AM f *
TiecTtMK € 
f t4 .T r *
PrruiArro 
# tr *  tb tT A rr
O H I O  S T A T E  U N I V E R S I T Y
Dwf. H».
N*. Re%:
Imt's:
F I GU RE  I. S C H E M A T I C  DI A GRA M O F  P O W E R  S U P P L Y .
M B H  : - m
e  *|Cfcm : * M P * ^
s j /n s n r / j  <yj M o y
AIISIIAINH 31VIS 0IH0
i(01 ( n r w t t r j  2 * i " s  - «u - * * n d 0 7
(o t& J  j a <0- j n j 1 7
/  B 'M  W  "O  " « ’<X - 9 7
(HWMS>) J J O  10VJL70A - 'M 9 7
( * u * 3 } * 0  Z m  x m o j n - t +  7
n o  / *  xm nj d -X e  7
n o  9HONJ.ON9N 97
( n s * * g )  n o  9**/yt7M M y n
MJA'Mg A*0-AAJ A A *y*$ e s
nou tm g A * tu s -a u  - * s * y o s
jn /n K A  g i s
NOO0 9S
n x ttM p  jta * s9 * s* * 3 MS
MXttMg #9A*M +S
'*y<y M l o f *  o * v  mo* jo n » x r s
AMMftrr/f *0*1 M - f  9 + 9 S
A M M trv/y *0f» j y - y  / # / S
«/*wvo ^ ; ^ » v  -
JUMAM/J MJAACtf \
sunoaio ai3jvs onv a3MOd aod wvaovia unoaio z 3anoid
O'**&
*$ ?
*n
>5
=i>
» » r j  j o  jn o & j  i 
W 7 d'*-LS > w « 3 /  jj
(e s'*a) H3-13H ax °_l
3£> yj7C tf
W**A / on
~inrn r |
o  o
-*# «TJ(y 
avmimaS yvntmrj'i
JU U M i9*t*YA 
"t/J MHfUOMMX<QjLiLSb—!
a
< \^ -cx ^ o —1|»* «
0CUMHM0J 37J9*9VH
kiwi*# jMMtmo mmnKuswjjr
- 7 -
c a b ln e t . The keno tron  f i la m e n t v a r ia c ,  th e  m agnetic  con­
t r a c t o r  and a  te rm in a l s t r i p  a re  lo c a te d  on t h i s  same 
p a n e l, h u t fa c in g  th e  in s id e  o f th e  c a b in e t .  A l l  o th e r  
c o n tro ls  a re  lo c a te d  on th e  f r o n t  p an e l w ith  th e  am p li­
f i e r s .  F ig u re  3 i s  a p ic tu r e  o f th e  c a b in e t  showing th e  
f r o n t  p a n e l.
The h ig h  v o lta g e  tra n s fo rm e r , r e c t i f i e r s  and f i l t e r ,  
a s  w e ll a s  th e  f i la m e n t tra n s fo rm e rs  and th e  h ig h  v o lta g e  
sam pling r e s i s t o r  a re  lo c a te d  in  an  o i l - f i l l e d  tan k  in  
th e  base o f  th e  c a b in e t .  F ig u re  4 shows th e  la y o u t o f 
t h i s  ta n k , and F ig u re  5 th e  c i r c u i t  d iagram .
The h ig h  v o lta g e  and th e  f i la m e n t le a d s  lea v e  th e  
ta n k  th rough  m ic a n ite  tu b es to  th e  s e r ie s - r e g u la to r - tu b e  
c h a s s is  which i s  mounted In s id e  a  corona s h ie ld  abou t 12 
in ches above th e  ta n k . High v o lta g e  co n n ec tio n s  a re  made 
to  th e  c a b in e t  th rough  s p e c ia l  c o n n e c to rs . F ig u re  6 shows 
a  s id e  view o f th e  c a b in e t w ith  th e  corona s h ie ld  in  p la c e  
and th e  s id e  p an e l removed.
2 ,2  V oltage  R e g u la to r , A: G enera l
The v o lta g e  r e g u la to r  i s  o f th e  s e r ie s - tu b e  type  used 
by Pepinsky and Je rm o tz^ . The c i r c u i t  d iagram  i s  shown in
^P ep insky , R. and Je rm o tz , P . ,  Rev. S c i . I n s t r . ,  19,
247(1948).
F ig u re  7 and th e  c h a s s is  la y o u t in  F ig u re  8 . A sample o f 
th e  h igh  v o lta g e  i s  tak en  from  a v o lta g e  d iv id e r  c o n s is t in g
P»:kJ
FIGURE 3. FRONT VIEW OF POWER SUPPLY.
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o f  th e  50 megohm wirewound r e s i s t o r  in  th e  ta n k  and th e  
v o lta g e  s e l e c to r  r e s i s t o r s  on th e  p a n e l. T h is v o lta g e  i s  
compared to  th e  v o lta g e  o f a  1 8 0 -v o lt d ry  b a t t e r y .  The 
d i f f e r e n c e  betw een th e  s ig n a l  v o lta g e  and th e  1 8 0 - v o l t  
b a t t e r y  i s  a p p lie d  to  one g r id  o f a  5692  double t r io d e  
tu b e . The o th e r  g r id  of t h i s  tube  i s  grounded. The two 
t r io d e s  form a  balanced  a m p l i f ie r .  The second s ta g e  o f  
th e  balanced  a m p l i f ie r  i s  a n o th e r  5692  tu b e . The unbalance 
s ig n a l  from t h i s  s ta g e  i s  a p p lie d  to  th e  g r id  o f th e  th i r d  
s ta g e ,  a  6AG7 sh a rp  c u to f f  p en to d e , which i s  in  s e r i e s  
w ith  a  p u sh -p u ll  r f  o s c i l l a t o r .  Thus, th e  B+ su p p ly  f o r  
th e se  two tu b es  i s  d iv id e d  betw een th e  o s c i l l a t o r  tube  and 
th e  6AG7. A s e p a ra te  3 0 0 -v o lt supp ly  i s  used f o r  t h i s  
p u rpose . In  a c tu a l  o p e ra t io n  th e  deg ree  o f unbalance o f 
th e  f i r s t  two s ta g e s  i s  a d ju s te d  by means o f  th e  "b a lan c in g "  
p o te n tio m e te r  in  th e  p la t e  c i r c u i t  o f  th e  f i r s t  5692  tu b e , 
to  g iv e  150  v o l t s  d ro p  a c ro s s  th e  o s c i l l a t o r  when th e re  i s  
no p o te n t i a l  on th e  g r id  o f  th e  f i r s t  tu b e . So, when th e  
s ig n a l  v o lta g e  e x a c t ly  e q u a ls  th e  re fe re n c e  v o l ta g e ,  th e  
6AG7 and th e  o s c i l l a t o r  each  have 150  v o l ts  p l a t e  v o l ta g e . 
When th e  s ig n a l  v o lta g e  changes, th e  g r id  o f th e  6AG7 
changes and th e  d rop  a c ro ss  t h i s  tube  changes. T his 
change ap p ea rs  a c ro s s  th e  o s c i l l a t o r  in  an o p p o s ite  s e n se , 
and changes th e  am p litude  o f th e  o s c i l l a t i o n .  The o u tp u t 
o f  th e  o s c i l l a t o r  i s  ta k e n  from  th e  secondary  o f  th e  r f  
t ra n s fo rm e r , i s  r e c t i f i e d  and f i l t e r e d  and a p p lie d  to  th e
- 1 5 -
g r id  o f  th e  ^50TH s e r i e s  tu b e . A change in  th e  s ig n a l  
v o lta g e  changes th e  g r id  b ia s  on th e  s e r i e s  r e g u la to r  tu b e . 
T his a c t io n  changes th e  v o lta g e  drop  a c ro ss  th e  s e r i e s  tube  
to  ab so rb  v a r ia t io n s  in  th e  u n re g u la te d  h ig h  v o lta g e  supp ly  
over a  range o f abou t 5000 v o l t s .  The g r id  o f th e  ^50TH 
i s  perm anen tly  b ia se d  by a  90  v o l t  b a t t e r y  to  o p e ra te  over 
i t s  m ost s e n s i t iv e  ra n g e . The r f  tra n s fo rm e r  has a  14 
tu rn  p rim ary  and a 20  tu rn  seco n d ary , in s u la te d  to  w ith ­
stan d  50 KV. In  t h i s  way th e  s e r ie s  tube  i s  I s o la te d  from  
th e  dc a m p l i f ie r  which o p e ra te s  n e a r  ground p o te n t i a l .
The freq u en cy  o f o s c i l l a t i o n  o f  th e  r f  o s c i l l a t o r  i s  ap ­
p ro x im a te ly  n in e  m egacycles p e r  second.
2 .2  V o ltag e  R e g u la to r  B: Perform ance
The v o lta g e  d e liv e re d  by th e  u n re g u la te d  h ig h  v o lta g e  
supp ly  i s  d iv id e d  betw een th e  load  and th e  s e r i e s  tu b e . A 
sample o f  th e  load  v o lta g e  i s  a m p lifie d  and a p p lie d  to  th e  
s e r i e s  tube  in  such a  way th a t  an in c re a s e  in  load  v o lta g e  
in c re a s e s  th e  d rop  a c ro s s  th e  s e r i e s  tu b e . The v o lta g e  
a c ro ss  th e  load i s  a  fu n c t io n  o f  th e  in p u t v o lta g e  and th e  
load  c u r r e n t ,  o r  Eo = E0 (E i ,I o )  
and
AE0 = (AEo/dE^AEj, + (AE0/ d I 0 ) h I 0 (1)
where E0 and I 0 a re  th e  load  v o lta g e  and load  c u r re n t  r e ­
s p e c t iv e ly ,  and E i  i s  th e  in p u t v o l ta g e . I t  I s  conven ien t
- 16-
to  d e f in e  two p a ra m e te rs , th e  s t a b i l i z a t i o n  r a t i o  
S = AEi/AEo and th e  i n te r n a l  r e s i s ta n c e  o f th e  r e g u la to r  
R = '4Eo/dIo* Then,
E0 = (l/s)zHEi -  RAI0 (2 )
Now 4 E i = 4 E 0 + AEs , where 4ES i s  th e  change in  s e r i e s  tube  
v o lta g e . I f  f  i s  th e  sam pling f r a c t io n  o f  E0 and A the  
a m p lif ic a t io n  o f  th e  feedback  loop  th e n  AEi = fAAE© and
S = dE0 ( l  + fA )/dE 0 -  1 + fA (3 )
I t  i s  c le a r  t h a t  in  t h i s  r e g u la to r ,  f  i s  a  f u n c t io n  o f th e  
v o lta g e  s e le c te d ,  so t h a t  th e  s t a b i l i z a t i o n  r a t i o  a t  th e  
h ig h  v o lta g e s  i s  l e s s  th a n  th a t  a t  th e  low v o l ta g e s .  T his 
i s  n o t co n sid ered  a  s e r io u s  h and icap  in  th e  use o f t h i s  
equipm ent. The in te r n a l  r e s i s ta n c e  can be shown to  be 
e q u a l to  r p / s  where r p i s  th e  p la te  r e s i s ta n c e  o f  th e  
s e r i e s  tube-*.
^ C o llen g e , J . P . ,  T h e s is , M .S ., Ohio S ta te  U n iv e rs i ty (1 9 ^ 9 )•
The s t a b i l i z a t i o n  r a t i o  can be dete rm ined  e x p e r i ­
m e n ta lly  from  th e  p lo t  o f  load  v o lta g e  v s . in p u t v o l ta g e . 
F ig u re  9 shows such a  p lo t  f o r  a  v o lta g e  s e l e c t i o n  of 10 KV. 
The s t a b i l i z a t i o n  r a t i o  i s  320. The a m p l i f ic a t io n  o f th e  
system  i s  1 7 , 0 0 0 .
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2 .3  C u rren t R e g u la to r  A: G enera l
The c u r re n t  r e g u la to r  la  o f th e  se ries-Im p ed an ce  type 
d e sc r ib e d  b y  LeMieux and B e e m a n ^ .  F ig u re  10 i s  th e  c i r c u i t
f i LeMieux, A. F . and Beaman, W. W., Rev. S c i .  I n s t . ,  17, 130
(1944) —
diagram  and F ig u re  11 th e  c h a s s is  la y o u t f o r  th e  c u r re n t  
r e g u la to r .  The anode c u r re n t  from  th e  x - r a y  tube  i s  passed  
th rough  a  sam pling r e s i s t o r  and a  low p ass  f i l t e r  to  p ro ­
v id e  a  s ig n a l  v o lta g e  f o r  th e  r e g u la to r .  The re fe re n c e  
v o lta g e  i s  th e  c u to f f  p o t e n t i a l  o f  th e  f i r s t  s ta g e  o f 
a m p l i f ic a t io n .  The f i l t e r  i s  in s e r te d  because  th e  h e a tin g  
tim e o f th e  x - r a y  tube f i la m e n t i s  o f th e  o rd e r  o f  0 .1  
second , and w ith o u t s u i t a b le  f i l t e r i n g  th e  system  h u n ts  
v io le n t ly .  The s ig n a l  from  th e  f i r s t  s ta g e  i s  f u r th e r  
a m p lif ie d  by th e  second s ta g e  and th en  a p p lie d  to  th e  g r id s  
o f  two 6A3 tu b e s . These tu b es a re  in  th e  secondary  o f a  
tra n s fo rm e r  whose p rim ary  i s  in  s e r i e s  w ith  th e  x - r a y  f i l a ­
ment tra n s fo rm e r . When th e  tu b es a re  c o n d u c tin g , th e  im­
pedance o f th e  p rim ary  i s  low , and v o lta g e  d rop  a c ro s s  i t  
i s  sm a ll . When th e  tu b es  a re  n o t c o n d u c tin g , how ever, th e  
impedance of th e  tra n s fo rm e r i s  v e ry  h ig h  and th e  v o lta g e  
drop  a c ro ss  th e  p rim ary  becomes q u i te  l a r g e .  The impedance 
o f  th e  tra n s fo rm e r  i s  th u s  a  fu n c t io n  o f th e  c u r re n t  
th rough  th e  6A3 ' s ,  which in  tu r n  i s  a  fu n c t io n  o f  th e  x - ra y  
tube  c u r r e n t .  A tendency  f o r  th e  x - r a y  tube  c u r r e n t  to
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r i s e  , d e c re a se s  th e  c u rre n t  th rough  th e  6 A 3 's , which in  
tu rn  in c re a s e s  th e  re a c ta n c e  o f  th e  s e r i e s  impedance and 
d e c re a se s  th e  v o lta g e  on th e  prim ary  o f  the  f i la m e n t t r a n s ­
fo rm er.
2 .3  C u rren t R eg u la to r B; Perform ance
A s t a b i l i z a t i o n  r a t i o  f o r  th e  c u r re n t  r e g u la to r  a n a lo ­
gous to  th e  one f o r  th e  v o lta g e  r e g u la to r  canno t be d e f in e d . 
However, an  e s tim a te  o f th e  e f f e c t iv e n e s s  o f  th e  r e g u la to r ,  
c a l le d  th e  f ig u r e  o f  m e r i t ,  may be o b ta in ed  from a  com­
p a r is o n  o f th e  x - ra y  tube  c u r re n t  a s  a  fu n c t io n  o f th e  in ­
p u t v o lta g e  w ith  and w ith o u t th e  r e g u la to r .  F ig u re  12 
shows p lo ts  o f th e  x - r a y  tube  c u r re n t  a g a in s t  in p u t v o lta g e  
w ith  and w ith o u t th e  r e g u la to r .  The f ig u re  o f  m e r it  o f  th e  
r e g u la to r  i s  1 0 0 0 .
The power su p p ly , in  g e n e ra l ,  o p e ra ted  very  w e l l .
There i s  some i n i t i a l  d r i f t  caused by tem p era tu re  change 
o f th e  r e s i s t o r s  and th e  re fe re n c e  b a t t e r y ,  b u t t h i s  was 
n o t s e r io u s .  A f te r  a  warmup p eriod  o f  a few h o u rs , th e  x -  
ra y  i n t e n s i t y  rem ained c o n s ta n t f o r  th e  d u ra t io n  o f th e  
v a rio u s  experim en ts to  one h a l f  p e rc e n t o r b e t t e r .  No 
p ro v is io n s  were made to  m on ito r th e  i n t e n s i t y  w ith  a  sep a ­
r a t e  d e te c to r .
2 .k  Sample Chamber
F ig u re  13 i s  a  c ro s s - s e c t io n a l  view o f  th e  sample 
chamber, made in  th re e  main p a r t s .  The o u te r  c o n ta in e r
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(1 ) forms th e  vacuum ja c k e t  and has windows covered w ith  a  
p o ly e th y len e  f i lm  f o r  passage o f  th e  x - ra y s  a t  [2)  and (3)* 
O p era tin g  vacuum was o f  th e  o rd e r  o f 10“5 mm hg . Prom th e  
to p  th e re  i s  suspended th e  second c o n ta in e r  (4 ) by means o f  
th re e  th e rm a lly  In s u la t in g  f i b e r  rods (5 ) .  T h is copper 
ja c k e t  was wound w ith  two c o i l s  o f w ire , th e  f i r s t  a  h e a tin g  
c o i l  o f  nichrom e and th e  second a  r e s i s ta n c e  therm om eter 
w inding o f  Hytemco w ire  to  be d e sc r ib e d  w ith  th e  a s s o c ia te d  
c i r c u i t s  l a t e r  (S e c tio n  2 .5 ) .  The innerm ost chamber (6) 
i s  in s u la te d  from (4) by th e  ny lon  su p p o rts  (7)* T h is 
chamber c o n ta in s  an  o i l  b a th  to  g iv e  a  la rg e  h e a t  c a p a c ity  
and un ifo rm  tem p era tu re  d i s t r i b u t i o n  th rough  c i r c u la t io n  
o f th e  o i l .  The l a t t e r  i s  accom plished by means o f  an 
im p e lle r  d r iv e n  th rough  th e  vacuum s e a l  by a  m agnetic  d r iv e .  
The s t a in l e s s  s t e e l  sample h o ld e r  (8) i s  in  In tim a te  th erm al 
c o n ta c t  w ith  th e  c o n ta in e r  and su p p o rts  th e  em ulsion  sample 
in  th e  x - ra y  beam betw een th in  b e ry lliu m  windows, a s  d e ­
sc r ib e d  l a t e r .  The ends o f  th e  h o le s  (9) were c lo sed  w ith  
0 .1  m il aluminum f o i l  to  a c t  a s  r a d ia t io n  s h ie ld s .
The sample i s  in  th e  form o f a  f l a t  d i s c  0 .25  in ch  in  
d iam e te r and 0 .020 inches th ic k .  F ig u re  14 i s  a  draw ing o f 
th e  sample h o ld e r . The sample i s  co n ta in ed  betw een 0.005 
in ch  b e ry lliu m  windows which a re  spaced by a  s t a in l e s s  s t e e l  
w asher. The windows a re  se a le d  by ru b b e r 0 - r ln g  g a s k e ts .
A c o p p e r-c o n s ta n ta n  therm ocouple so ld e re d  in to  p lac e  
a s  shown in  F ig u re  14 i s  used to  m easure th e  sample
- 2 5 -
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te m p e ra tu re . The m agnitude o f th e  tem p era tu re  la g  o f th e  
sample v i th  r e s p e c t  to  th e  therm ocouple was determ ined  In  
tvo  vays -  one by approxim ate  c a lc u la t io n  from h e a t  conduc­
t i v i t y  c o n s id e ra tio n s * , and th e  o th e r  by d i r e c t  ex p e rim e n ta l
♦Appendix I
ev id en ce1-. Both In d ic a te  a  n e g l ig ib le  la g  In  th e s e  e x p e r l -  
+S e c tio n  3 .2  C, P ig . 28 
m en ts.
The h e a te r  (4) I s  a  copper c y l in d e r  c lo sed  a t  bo th  
en d s. The c y lin d e r  has a  double s e t  o f  th re a d s  c u t In to  I t  
to  h o ld  th e  h e a t in g  w inding  and th e  r e s i s ta n c e  therm om eter 
used f o r  tem p era tu re  c o n tr o l .  A t i g h t  f i t t i n g  s le e v e  f i t s  
over th e  o u ts id e  o f th e  v ln d in g s  so t h a t  b o th  th e  h e a te r  
and th e  therm om eter a re  com p le te ly  surrounded by th e  ja c k e t*  
T his d e s ig n  g iv e s  v e ry  good h e a t  t r a n s f e r  betw een th e  
w indings and th e  copper J a c k e t .
The e n tra n c e  and e x i t  p o r ts  a re  0 .5  in ch  in  d iam e te r  
and a rran g ed  f o r  a  s c a t t e r in g  an g le  o f 2© * 2 9 .5 ° •  Thus 
th e  range o f  2© v a lu e s  I s  l im ite d  to  abou t 10° on e i t h e r  
s id e  o f 2 9 .5 °•  T his i s  ample f o r  th e  work on sodium , b u t 
l im i t s  th e  u se  o f  th e  a p p a ra tu s  w ith  o th e r  m a te r ia ls .
A l l  e l e c t r i c a l  le a d s  e n te r  th e  vacuum system  th rough  
an e ig h t - p o in t  s e a l  in  th e  to p  p la te  o f  th e  vacuum ja c k e t .  
The d r iv e  m otor f o r  th e  im p e lle r  in  th e  o i l  b a th  I s  a ls o
2 7 -
lo c a te d  on th e  to p  p la te #  I t  d r iv e s  th e  im p e lle r  th rough  
two vacuum t i g h t  w a l ls ,  one, th e  o u te r  w a l l ,  and th e  o th e r ,  
th e  w a ll betw een th e  o i l  b a th  and th e  vacuum. To avoid  th e  
tro u b le s  o f  pack ing  type s e a l s ,  a  system  u s in g  two m agnets 
was dev ised#  one magnet I s  p laced  on e i t h e r  s id e  o f th e  
p la te #  The p la te  hav in g  been machined to  a  th ic k n e s s  o f  
l / l 6 - In c h , a  c o n s id e ra b le  a t t r a c t i o n  e x i s t s  betw een th e  
m agnets even a t  a  s e p a ra t io n  o f abou t 3 /3 2 -Inches#  Two 
id e n t i c a l  u n i t s  a re  used to  d r iv e  th rough  th e  two vacuum- 
t i g h t  w a l ls .  S u f f ic ie n t  power can be t r a n s f e r r e d  In  t h i s  
way to  m a in ta in  c i r c u la t io n  in  th e  o il*
The v a rio u s  openings In  the  vacuum system  a re  se a le d  
w ith  O -rlng  g ask e ts*  These g a sk e ts  a re  v e ry  r e l i a b l e  and 
no tro u b le  w ith  le a k s  has been ex p erien ced  even though th e  
system  has been opened s e v e r a l  tim es In  th e  co u rse  o f th e  
ex p e rim e n ts«
2*5 Tem perature C o n tro l
The tem p era tu re  o f  th e  h e a te r  (4) (F ig u re  13) Is  
c o n tro l le d  by a b r id g e - ty p e  c o n t r o l le r  based  on a  d e s ig n  
by B enedict^*  F ig u re  15 i s  th e  c i r c u i t  d iagram  o f  the
^ B e n e d ic t, M#, Rev. S c l .  I n s t r . ,  8 , 252(1937).
th e rm o sta t#  The tem p era tu re  s e n s i t iv e  e lem ent i s  a  r e ­
s i s ta n c e  therm om eter o f Hytemoo* w ire# The therm om eter
• i n t e r n a t i o n a l  N ick e l Co* s p e c ia l  n lc k e 1 -a l lo y  w ire .
.0-S ’ MA 
M e r e R
FIGURE 15. CIRCUIT  DIAGRAM OF T E M P E R A T U R E  C O N T RO L
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i s  o f 30  gauge, co tto n -co v e red  v i r e ,  n o n -In d u c tiv e ly  
wound in  grooves in  th e  h e a te r  j a c k e t .  The tem p era tu re  
i s  a d ju s te d  by means o f  a  t e n - tu r n  h e l i p o t ,  Rx , wound w ith  
low te m p e ra tu re -c o e f f ic ie n t  w ire .
The power f o r  th e  b rid g e  i s  su p p lied  by th e  f i la m e n t 
tra n s fo rm e r. The o u tp u t o f th e  b rid g e  i s  fed  th rough  an  
Impedance m atching  tra n s fo rm e r  to  a  6 0 -c y c le  a m p l i f ie r  and 
th e n  a p p lie d  to  th e  g r id  o f a  th y r a t r o n .  The th y ra t ro n  i s  
in  s e r i e s  w ith  th e  h e a te r  w inding  and c o n tro ls  th e  c u r r e n t  
in  i t .  The th y ra t ro n  i s  o p e ra ted  as a  phase c o n tro l le d  
v a lv e . When th e  t o t a l  s ig n a l ,  b ia s  p lu s  s ig n a l  from  th e  
b r id g e , la g s  th e  p la te  v o lta g e  by 90° ,  th e  th y r a t ro n  p a sse s  
c u r r e n t  d u rin g  one q u a r te r  o f  th e  c y c le . As th e  phase o f 
th e  g r id  s ig n a l  changes, th e  th y ra t ro n  conducts d u rin g  a  
l a r g e r  o r  sm a lle r  f r a c t io n  o f th e  c y c le . B ias f o r  th e  
th y ra t ro n  i s  su p p lie d  by th e  p o te n tio m e te r  R3 a c ro s s  th e  
o u tp u t te rm in a ls  o f th e  b r id g e . The p o s i t io n  o f  th e  ta p  
i s  a d ju s te d  to  g iv e  maximum s e n s i t i v i t y  w ith o u t g iv in g  on- 
o f f  c o n tro l .  When t h i s  ad ju s tm en t i s  p ro p e r ly  made, th e  
c u r r e n t  th rough  th e  th y r a t r o n  v a r ie s  sm oothly  from  f u l l - o n  
to  f u l l - o f f  a s  th e  b r id g e  p a sse s  th rough  th e  b a la n ce  po­
s i t i o n .  The r e s i s t o r  Rjj. in  s e r i e s  w ith  th e  lo ad  c o n tro ls  
th e  amount o f  power d is s ip a te d  in  th e  h e a te r .  I t  i s  s e t  so 
t h a t  th e  r e g u la to r  o p e ra te s  in  i t s  m ost s e n s i t iv e  ra n g e .
-3 0 -
The g a in  o f th e  system  i s  abou t 3000, and th e  s e n s i ­
t i v i t y  such th a t  a  0 .03  p e rc e n t change in  RT changes th e  
power o u tp u t by a  f a c to r  o f  2 . The th e rm o s ta t w i l l  ho ld  
th e  tem p era tu re  o f  th e  sample chamber c o n s ta n t to  w ith in  
ap p ro x im ate ly  0.001°C over long p e rio d s  o f  tim e .
2 .6  X-Ray S pec trom ete r
The x - ra y s  a re  produced by a  M ach le tt A-2 d i f f r a c t i o n  
tube  w ith  a  copper anode. The tube  was n o rm ally  o p e ra ted  
in  th e  range o f  25  to  30  k i lo v o l t s  and f iv e  to  n in e  m i l l i -  
am peres. The i n te n s i t y  was a d ju s te d  to  a  co nven ien t v a lu e  
f o r  th e  p a r t i c u l a r  work b e in g  done. The in c id e n t  beam- 
d e f in in g  s l i t s  were 0 . 0^0 Inches wide and abou t s ix  Inches 
a p a r t .  The second s l i t  was lo c a te d  on th e  o i l  b a th  con­
t a i n e r  (6 ) in s id e  th e  vacuum system . A G.060 in ch  wide 
s l i t  in  f r o n t  o f th e  x - ra y  d e te c to r  com pleted th e  c o l l i -  
m atlon  system . A n ic k e l  f i l t e r  was used to  reduce  th e  
i n t e n s i t y  o f th e  K|3 l i n e .
The d e te c to r  was mounted on an  arm abou t seven Inches
from the  sam ple. The a n g le  o f r o t a t io n  was c o n tro l le d
m anually  by a  m icrom eter d r iv e .  T his enab led  ad ju s tm en t 
o f  th e  an g le  o f th e  c o u n te r  from 25° to  35° (**2 0 ) in  a  
v e ry  re p ro d u c ib le  m anner. The sample was mounted w ith  i t s
p lan e  a t  an  ang le  o f abou t 7 5 ° w ith  th e  in c id e n t  x - ra y
beam.
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2 *7 P ro p o r tio n a l  C ounter X-Ray D e te c to r
A p ro p o r t io n a l  counter®  r a d i a t i o n  d e te c to r  vas used
Q
K o rff , s .  A ., N ucleon ics 6 , 1 5 (June , 1950).
7 , 4 6 ( N o v . , 1950).
8 , 3 8 ( J a n .,  1951).
In  th e  ex p e rim en ts . I t  was a  slde-w lndov  type s im i la r  to  
th o se  o f D r. R. W. Knowles o f th e  Oak: Ridge N a tio n a l Labo­
r a t o r i e s .  The c o u n te r  had a 5 m il b e ry lliu m  window, and 
was f i l l e d  w ith  66  cm p re s su re  o f  xenon gas and 4 cm o f  
m ethane. A l l  j o in t s  were so ld e red  w ith  pure t i n  to  avo id  
co n tam in a tio n  by r a d io a c t iv e  le a d .  F ig u re  16 shows th e  
d e t a i l s  o f  c o n s tru c t io n  o f th e  c o u n te r .
The o u tp u t o f  th e  co u n te r I s  fed  d i r e c t l y  in to  an
Atomic In s tru m en ts  Company type  205-B p re a m p li f ie r  m odified
s l i g h t l y  to  reduce  th e  n o ise  l e v e l .  F ig u re  17 shows th e  
p re a m p lif ie r  w ith  th e  m o d if ic a t io n s . The h ig h  v o lta g e  f o r  
th e  co u n te r i s  su p p lied  by an r f  power supp ly  p ro p e r ly  
f i l t e r e d  to  remove in te r f e r e n c e .  T his f i l t e r  I s  a  sim ple  
r c  f i l t e r  and i s  shown In  th e  above m entioned f i g u r e .  
C onnections th ro u g h o u t th e  h ig h  v o lta g e  c i r c u i t  were made 
w ith  RG8U c ab le  and lo w -n o ise  c o n n e c to rs .
The o u tp u t o f  th e  p re a m p lif ie r  i s  f u r th e r  a m p lif ie d  
by a  type  204B* a m p l i f i e r .  The s ig n a l  Is  th e n  p u t in to  a
- 3 2 -
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*Atomlc In s tru m en ts  Co*, B oston , Mass.
p u ls e -h e lg h t  a n a ly s e r ,  designed  by Oak Ridge N a tio n a l Labo­
r a t o r i e s  and b u i l t  in  t h i s  la b o ra to ry ,  v h lch  a id s  In  r e ­
duc ing  th e  g e n e ra l background. The p u lse s  a re  counted by 
a  s c a l in g  c i r c u i t * .  F ig u re  18 shows th e  e n t i r e  e x p e r i -
* A u to sca le r by T ra c e r la b , I n c . ,  B oston , Mass. 
m en ta l a rrangem en t.
2 .8  The Sample
The f i r s t  sample used in  th e  experim en ts was a  h e a v i ly  
cold-w orked w ire  o f  sodium . The w ire  was formed by p a ss in g  
i t  th rough  an e x tru s io n  p re s s  te n  tim e s . F o llow ing  t h i s ,  
th e  w ire  was tw is te d  to  remove th e  e f f e c t s  o f any  p re fe r re d  
o r i e n t a t i o n  produced in  th e  e x tru s io n .  The w ire  was c o ile d  
i n  a  sm a ll c o l l  and f l a t te n e d  to  f i t  in to  th e  sample h o ld e r .  
T h is  sample gave a  v e ry  good d i f f r a c t i o n  p a t t e r n ,  b u t once 
i t  m e lte d , th e  l i n e  d isap p ea red  and d id  n o t r e tu r n  when th e  
sample was s o l i d i f i e d .  S ince  t h i s  p re lim in a ry  experim en t 
could  n o t be expected  to  g ive  a  s a t i s f a c to r y  p ic tu r e  o f 
th e  m e ltin g  o r s o l i d i f i c a t i o n  p ro cess  I t  was n o t  pursued 
f u r t h e r .  A l l  subsequen t work was done w ith  a  d is p e rs e d  
sample a s  d e sc r ib e d  below .
A d is p e r s io n  o f a v e ry  sm a ll p a r t i c l e  s iz e  may be 
o b ta in ed  in  m in e ra l o i l  i f  a  sm a ll amount o f l in s e e d  o i l
- 3 5 -
FIGURE 18. EXPERIMENTAL ARRANGEMENT
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i s  added as a  d is p e r s in g  a g e n t. A m ix tu re  o f 50 p e rc e n t 
m in e ra l o i l ,  50  p e rc e n t sodium and abou t one p e rc e n t l i n ­
seed o i l  was p re p a re d . The sodium was in  a  s in g le  p iec e  
and vhen m e lted , formed a  b a l l  b e fo re  b e in g  su b je c te d  to  
u l t r a s o n ic  a g i t a t i o n .  Thus, any d is so lv e d  im p u rity  would 
be un ifo rm ly  d i s t r ib u t e d  th roughou t th e  sam ple. The 
m ix tu re  was h e a ted  to  a  tem p era tu re  o f  120° C and su b je c te d  
to  In te n se  u l t r a s o n ic  a g i t a t i o n .  A freq u en cy  o f 20 k i lo ­
c y c le s  was used w ith  an  in p u t power o f  ap p ro x im ate ly  500  
w a tts  f o r  a  few seconds. Severe c a v i ta t io n  was o b served , 
and th e  sodium d isp e rse d  in  v e ry  f in e  p a r t i c l e s .
In fo rm a tio n  on th e  s iz e  d i s t r i b u t i o n  o f  th e  p a r t i c l e s  
was sough t by means o f  th e  l i g h t  m icro scope . A sample of 
th e  em ulsion  was p laced  on th e  s ta g e  o f  an o i l  immersion 
m icroscope w ith  a  m a g n if ic a tio n  o f  970X. Kflhler i l lu m i-  
n a tlo n ^  was used  because i t  a f fo rd s  th e  b e s t  r e s o lu t io n .
^ s h i l l a b e r ,  C. P . ,  Photom lorography, p . 93 , W iley , New York
(19^9)
Table I  shows th e  r e s u l t s  o f two f i e l d s  o f v iew . I t  was 
v e ry  obvious from  th e  p a t t e r n  in  th e  m icroscope ey ep iece  
t h a t  th e  g r e a te r  number o f p a r t i c l e s  were n o t b e in g  
re s o lv e d . The minimum re s o lv a b le  s iz e  i s  o f th e  o rd e r  o f 
0 .5  m ic ro n s, so  th a t  th e  ta b le  p re s e n ts  o n ly  th e  maximum 
s iz e s  o f  p a r t i c l e s  in  th e  sam ple.
T able I
P a r t i c l e  S iz e s  Seen In  M icroscope F ie ld s  
S ize  Number o f  P a r t i c le s
(m icrons) 1 s t  F ie ld  2nd F ie ld
2 .0  -  3 .0  2 2
1 .5  -  2 .0  20  23
1 .0  -  1 .5  45 40
le s s  th a n  1 .0  75  100
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F u r th e r  ev idence  o f  th e  ex trem ely  sm all p a r t i c l e  s iz e  
i s  p re se n te d  by th e  l i g h t  v i o l e t  c o lo r .  T his i s  th e  same 
c o lo r  re p o r te d  f o r  sodium vapor in  th ic k  layers^-0 . The
10M e llo r fs Modern In o rg an ic  C hem istry , p . 552, Longmons, 
Green and C o ., New Y ork(1939).
same d isp e rse d  sample was used th roughou t th e  e n t i r e  s e r i e s  
o f  s o l i d i f i c a t i o n  and m e ltin g  ru n s and gave v e ry  re p ro ­
d u c ib le  r e s u l t s .  I t  was e s tim a te d  th a t  th e  s c a t t e r in g  
volume in  th e  x - r a y  experim en ts co n ta in ed  abou t 10^ p a r t i ­
c le s .
No a tte m p t was made to  use  s p e c tro s c o p ic a l ly  pure 
sodium . The a n a ly s is  o f  th e  sodium used in  th e  p re p a ­
r a t i o n  o f  th e  sample i s  g iv en  in  T able I I .  I t  i s  n o t f e l t  
t h a t  th e  p e rc en ta g e  o f im p u r i t ie s  i s  g r e a t  enough to  a f f e c t  
th e  r e s u l t s  o f th e  experim en ts e x ce p t a s  d isc u sse d  in  th e  
s e c t io n  on s o l i d i f i c a t i o n .
I l l  DATA AND RESULTS
3•1  In tro d u c t io n
A s e r i e s  o f  experim en ts was planned to  in v e s t ig a te  th e  
l iq u id - s o l id  tra n s fo rm a tio n  in  sodium . F ig u re  19 shows th e  
110 l in e  o f sodium in  th e  d isp e rse d  sample a t  95° C (100 
p e rc e n t s o l i d ) .  F ig u re  20 shows a  scan  o f th e  same re g io n  
w ith  th e  same sample m elted . I t  i s  to  be no ted  th a t  th e
l a t t e r  curve does n o t r e p re s e n t  background o n ly , because
-3 9
T able I I
A n a ly sis  o f  Baker Sodium 
Lot Wo. 5026
C h lo rid e  0.0015$
N itro g en  0.0005$
Phosphate 0.0003$
S u lf a te  0 .001  $
Heavy M etals (as  Pb) 0.0005$
Iro n  0.0005$
Oxide unknown
Hydroxide unknown
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th e  s c a t t e r in g  from l iq u id  sodium has a  peak In  th e  same 
re g io n  a s  s o l id  sodium . T h is peak , how ever, I s  v e ry  b ro ad . 
F ig u re  21 shows th e  110 l i n e  o f  th e  s o l id  (w ire )  sodium 
sample and th e  l iq u id  p a t t e r n  In  th e  same re g io n . The 
In co h e ren t and background s c a t t e r i n g ,  o b ta in ed  a f t e r  th e  
sample had r e - s o l i d i f i e d ,  i s  a ls o  shown f o r  i l l u s t r a t i v e  
p u rp o ses . One concludes t h a t  th e  background f o r  th e  
d isp e rse d  sample i s  caused p a r t l y  by s c a t t e r in g  from  th e  
w a lls  o f  th e  sample chamber and p a r t l y  by s c a t t e r in g  from 
th e  o i l .  I t  i s  to  be no ted  t h a t  th e  background r e l a t i v e  
to  th e  i n t e n s i t y  f o r  th e  s o l id  I s  much l a r g e r  f o r  th e  
d isp e rse d  sample th a n  f o r  th e  w ire  sam ple. T here a re  a ls o  
d i f f r a c t i o n  l in e s  from NaOH and Na20 a t  31° and 32° (= 20) 
which p a r t i a l l y  accoun t f o r  th e  background. F ig u re  22 
shows th e  p a t t e r n  o f a 0 .0 1 3  in ch  o i l  sample betw een 
b e ry lliu m  windows. The l in e s  a t  2 3 .5  mm and somewhere 
l e s s  th an  ze ro  a re  n o t due to  th e  b e ry ll iu m , s in c e  th e  
f i r s t  b e ry lliu m  l in e  I s  a t  20 = 4 6 .6 °  b u t a re  caused 
r a th e r  by an  u n id e n t i f ie d  im p u rity  In  th e  b e ry ll iu m . These 
l in e s  have been p re v io u s ly  r e p o r t e d ^  in  c e r t a in  b e ry lliu m
■ ^ S tru c tu re  R e p o r ts , V ol. 13 , p . 33 , 00STH0EK -  UTRECHT(1950). 
sam ples.
I f  i t  i s  assumed th a t  th e  peak i n t e n s i t y  i s  r e p r e ­
se n ted  by th e  sum o f a background te rm , a  l iq u id  te rm ,
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A 5 -
and a s o l id  term , th e n ,
(5 )
F ig u re  19 I s  th e  co n to u r from  th e  sample v l t h  th e  
tem p era tu re  ahou t 2° C under th e  m e ltin g  te m p e ra tu re . The 
I n t e n s i t y  a t  th e  CuK<* peak may be assumed to  c o n s is t  o f tvo  
p a r t s :  (1 ) th e  powder d i f f r a c t i o n  c o n tr ib u t io n  1^ r e p r e ­
sen ted  by FG In  th e  f ig u r e  and (2) th e  background c o n t r i ­
b u tio n  Ig  g iv en  by HF.
F ig u re  20 I s  th e  co n to u r from  th e  sample w ith  th e  
tem p era tu re  abou t 1° above th e  m e ltin g  p o in t .  I f  i t  i s  
assumed t h a t  th e  background IB i s  u n a l te r e d ,  th e  l iq u id
c o n tr ib u t io n  I® a t  th e  CuE<* p o s i t io n  w i l l  be g iv en  by FG.L
T hese, th e n , f i x  th e  co u n tin g  r a t e s  f o r  100 p e rc e n t 
l iq u id  and 100 p e rc e n t s o l id  and from E q u a tio n  (5 ) one can 
w r i te
where A i s  the  p e rc e n t l i q u i d ,  B th e  p e rc e n t s o l i d ,  l £  
and Ig  th e  co u n tin g  r a t e s  a s  de term ined  above. I  a s  a 
fu n c t io n  o f B i s  p lo t te d  in  F ig u re  2 3 . I t  I s  l i n e a r  so 
t h a t  th e  p e rc e n t s o l id  sodium in  th e  sample i s  p ro p o r t io n a l  
to  th e  x - r a y  i n t e n s i t y .
(6 )
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3 .2  A: M elting
There have heen many a tte m p ts  to  d e r iv e  th e  c o n d itio n s  
f o r  m e ltin g  t h e o r e t i c a l ly .  These a tte m p ts  a re  each  based 
on c e r t a in  c r i t e r i a  f o r  m e ltin g , and proceed a lo n g  c l a s s i ­
c a l  therm odynam ical o r  s t a t i s t i c a l  m echan ica l l i n e s .  One
12o f  th e  e a r l i e s t  tre a tm e n ts  o f  m e ltin g  was by Lindemann ,
Ip
Lindemann, P . ,  P h y sik . Z e i t . ,  11, 609(1910).
who considered  th e  e f f e c t  o f th e  c o l l i s i o n  o f a v ib r a t in g  
m olecule w ith  i t s  n e ig h b o r. L a te r  Raschewsky1^ developed
■^Raschewsky, N. v . ,  Z e i t .  f .  P h y sik , 40, 214(1927).
a  th e o ry  o f  m e ltin g  based on th e  i n s t a b i l i t y  o f a  p a r t i c l e  
u nder th e  in f lu e n c e  o f i t s  n e ig h b o rs . Under th e se  con­
d i t i o n s ,  m e ltin g  occu rs when th e  average  m o lecu la r d is ta n c e
i s  so g r e a t  t h a t  th e  e l a s t i c  fo rc e  b eg in s  to  d e c re a se .
14
Born fo llo w in g  an e a r l i e r  approach  by H erzfe ld  and
14B orn, M ., J .  Chem. P h y s ., 7 ,  591(1939).
G oeppert Mayer-^51 and u s in g  th e  argum ent t h a t  th e  d i f f e r -
1 5^ H e rz fe ld , K. and G oeppert Mayer, M ., Phys. R ev ., 46 ,
995(1934).
ence betw een a s o l id  and a  l iq u id  i s  th e  i n a b i l i t y  o f th e  
l iq u id  to  su p p o rt sh e a r in g  s t r e s s e s ,  In v e s t ig a te d  th e  s t a ­
b i l i t y  o f  th e  c r y s t a l l i n e  l a t t i c e  under sh e a r in g  s t r e s s e s
- 4 8 -
over a  wide range o f te m p e ra tu re s . T his i s  a v e ry  s a t i s ­
f a c to r y  model o f m e lt in g . Born and h is  coworkers-*-® have
B orn, M. e t  a l ,  P ro c . Cambridge P h i l .  S o c .,
3 6 , 1 6 0 , 1 7 3 , 4 5 4 , 4 6 6 ( 1 9 4 0 ) .
37, 34 , 177(1941).
3 8 , 6 1 , 6 7 , 8 2 ( 1 9 4 2 ) .
3 9 , 1 0 1 , 104, 113(1943).
40, 151(1944).
f u r th e r  a m p lifie d  t h i s  tre a tm e n t and have met w ith  some 
su ccess  in  t r e a t i n g  th e  g e n e ra l problem  o f  fu s io n .
Kirkwood and M onroe^  have p re sen te d  a  u n if ie d  th eo ry
^K irkw ood , J .  G. and Monroe, E . ,  J .  Chem. P h y s ., 9 , 514
(1941).
o f th e  s o l id  and l iq u id  s t a t e s  w ith  s p e c ia l  em phasis on 
m e ltin g . T h e ir  tre a tm e n t has been f u r th e r  a m p lif ie d  said 
g e n e ra liz e d  by Mayer-*-®. A nother i n t e r e s t i n g  approach  based
l8 Mayer, J .  E . ,  J .  Chem. P h y s ., 15 , 187(19^7).
on th e  concept o f  th e  o rd e r -d is o r d e r  t r a n s i t i o n  h as been 
p resen ted  by L ennard-Jones and D e v o n s h i r e ^ .
l^L ennard - Jo n e s , E . E . and D evonsh ire , A. P . ,  P ro c . Roy.
Soc., (London), 169A, 317(1939).
A ll  o f  th e se  tre a tm e n ts  lead  to  v e ry  com plica ted  
m athem atica l r e s u l t s  and many s im p l i f ic a t io n s  m ust be made 
b e fo re  th ey  can be a p p lie d  to  s p e c i f i c  c a s e s .  The e f f e c t s
- 4 9 -
o f th e se  s im p l i f ic a t io n s  a re  d i f f i c u l t  to  d e te rm in e . I t  
i s  th e re fo re  d i f f i c u l t  to  judge v h e th e r  th e  v a r io u s  a p ­
p roaches a c tu a l ly  r e p re s e n t  th e  r e a l  m e ltin g  phenomenon.
3*2 B: P ro p e r t ie s  o f Sodium Hear i t s  M eltin g  P o in t
As e a r ly  as 1924, ev idence  o f p re -m e lt in g , o r  a t
le a s e  u nusua l b e h av io r  below th e  m e ltin g  p o in t ,  in  a
20c r y s t a l l i n e  l a t t i c e ,  was n o te d . B idw ell observed un-
20B id w e ll, C. C ., Phys. R ev ., 23 , 357(1924).
u s u a l  in c re a s e s  in  th e  e l e c t r i c a l  r e s i s ta n c e  and th e  therm o­
e l e c t r i c  power o f sodium and po tassium  as th e  tem p era tu re  
in c re a s e d . There i s  a  decided  change in  th e  s lo p e  o f  th e  
p lo t  o f th e se  p r o p e r t ie s  vs tem p era tu re  s t a r t i n g  abou t 100°
C below th e  m e ltin g  p o in t .  There i s  a ls o  a  v e ry  sh a rp  
r i3 e  in  th e  cu rves a s  th e  m e ltin g  p o in t  i s  approached .
F o r sodium t h i s  r i s e  s t a r t s  a t  about 80° c f o r  th e  therm o­
e l e c t r i c  power and a t  90° f o r  th e  r e s i s t a n c e .  A s e r i e s
o f x - ra y  d i f f r a c t i o n  p ic tu r e s  showed no change in  s t r u c tu r e  
21o f  th e  sam ples as t h i s  e f f e c t  p ro g re sse d .
21B ld w e ll, C. C ., Phys. R ev ., 27, 381(1926).
22MacDonald re p e a te d  th e  r e s i s ta n c e  m easurem ents and 
22MacDonald, D. K. C ., J .  Chem. P h y s ., 21 , 177(1953).
found a  s im i la r  r i s e .  He a t t r i b u t e s  t h i s  r i s e  to  th e
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fo rm a tio n  o f  v a ca n t l a t t i c e  s i t e s ,  so c a l le d  F re n k e l and 
S ch o ttk y  d e fe c ts 2^ . A t th e  m e ltin g  p o in t MacDonald g iv e s
2J^M ott, N. F . and G urney, R. W., E le c tro n ic  P ro c esse s  in
Io n ic  C r y s ta ls , p . 28-29 , The C larendon 
P re s s ,  O xford(1948).
th e  change in  r e s i s ta n c e  as abou t 10 p e rc e n t o f  R0 , v h ich  
co rresponds to  abou t 0 .1  a tom ic p e rc e n t v a c a n c ie s . T h is i s  
in  good agreem ent w ith  th e  i n t e r p r e t a t i o n  o f  th e  anomolous 
r i s e  in  s p e c i f i c  h e a t  o f  sodium and po tassium  as observed  
by C a rp en te r and h is  c o w o r k e r s ^ '^ *  They observed an 
O il C a rp e n te r , L . G ., H a r le , T. F . and s te w a rd , C. J . ,  N a tu re ,
1*1, 1015(1938).
25 c a rp e n te r ,  L. G. and s te w a rd , C. J . ,  P h i l .  M ag., 27 , 551
(1939). ~
anomalous r i s e  in  th e  s p e c i f i c  h e a t  s t a r t i n g  abou t 100° C 
below th e  m e ltin g  p o in t ,  and I n te r p r e t in g  t h i s  a s  due to
th e  fo rm atio n  o f  F re n k e l and S c h o ttk y  d e f e c t s ,  found v acan -
26cy c o n c e n tra tio n s  o f th e  o rd e r  o f  0 .3  atom ic p e rc e n t . 
26C a rp e n te r , L. G ., J .  Chem. Phys., 21 , 2244(1953).
T his c o n c e n tra t io n  i s  below d e te c t io n  by x - r a y s ,  and hence 
th e  x - r a y  d i f f r a c t i o n  i n t e n s i t y  i s  n o t  expec ted  to  show any 
anom alies because o f th e  fo rm a tio n  o f  v a ca n t l a t t i c e  s i t e s .  
Dawton2? has In v e s t ig a te d  th e  i n t e n s i t i e s  o f x - ra y
27Dawton, R, H. V. M., P ro c . Phys. S o c ., London, 49 , 249
(1937). ~
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r e f l e c t io n s  from  s in g le  c r y s ta l s  o f  sodium in  th e  tem per­
a tu r e  range 120 to  370° K. He found th a t  th e re  vas con­
s id e ra b le  h y s te r e s i s  in  th e  i n t e n s i t y  o f  th e  r e f l e c t io n s  
from th e  lo v  o rd e r  p lan es  a s  th e  tem p era tu re  vas r a is e d  
and lo v e re d . The e f f e c t  vas v e ry  e r r a t i c  and depended on 
th e  p a r t i c u l a r  c r y s t a l  used as v e i l  a s  upon i t s  th e rm al 
h i s to r y .  R eproducib le  r e s u l t s  v e re  g e n e ra l ly  o b ta in ed  
o n ly  a f t e r  th e  c r y s t a l  had been submerged in  l iq u id  a i r  
b e fo re  th e  m easurem ents v e re  made. The e f f e c t s  v e re  
In te rp re te d  a s  b e in g  due to  im p e rfe c tio n s  and changes in  
th e  m osaic s t r u c tu r e  o f th e  s in g le  c r y s t a l .  A f te r  sub ­
m ersion  in  l iq u id  a i r ,  th e  c r y s ta l s  v e re  supposed to  have 
a more p e r f e c t  m osaic s t r u c tu r e ,  a t  l e a s t  a s f a r  as th e  
x - r a y  r e f l e c t io n s  a re  concerned .
3 .2  C: D ata  and R e su lts  o f  M eltin g  S tu d ie s
F ig u re  24 shovs th e  d i f f r a c te d  i n t e n s i t y  a s  a  fu n c t io n  
o f  tem p era tu re  up to  th e  m e ltin g  p o in t  o f  th e  v e il- a n n e a le d  
d isp e rse d  sam ple. At th e  m e ltin g  p o in t ,  th e  I n te n s i ty  
d rops s h a rp ly  to  th e  i n t e n s i t y  o f  th e  l iq u id  s c a t t e r in g  
p a t t e r n .  There i s  some s t r u c tu r e  to  th e  drop  a s  v l l l  be 
d isc u sse d  l a t e r .
•The e f f e c t  o f  th erm al a g i t a t i o n  o f  th e  atoms o f  a  
c r y s t a l  on th e  i n t e n s i t y  o f  th e  x - ra y  d i f f r a c t i o n  l in e s  has 
been s tu d ie d  in  d e t a i l  by Debye2® and l a t e r  by Laue29 ,
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28Debye, P . ,  Ann. d . P h y sik , 43 , 49(1913).
^ L a u e ,  M. v . ,  Ann. d . P h y s ik , 8 l ,  8 7 7 ( 1 9 2 6 ) .
Darwin3°, Schroedinger31, Paxen^2 , B r lllo u in 3 3 # w a lle r 3^,
3®Darwln, C. G ., P h i l .  M ag., 6 - 2 7 , 675(1914).
31schroed inger, E .,  P h y s ik . Z e i t . ,  15 , 79 (1914).
^ ^ a x e n ,  H ., Ann. d . P h y sik , 1 7 , 615(1918).
Z e i t .  f .  P h y sik , 1 7 , 266(1923).
3 3 B r illo u in , L . , Ann. d . P h y s ., 17, 88 (1922).
3iH fa ller , I . ,  Z e i t .  f .  P h y s ik , 17 , 398(1923).
5 1 , 213( 1928) .
and Z ener and J a u n c e y 3 5 .  The n e t  r e s u l t  i s  t h a t  th e  l in e s
^ Z e n e r ,  C. and Jauncey , G. E . M ., Phys. R e v ., 49 , 17(1936).
a re  n o t broadened b u t th e  i n t e n s i t y  I s  d ecreased  by a  
f a c to r  exp(-2M ), where M i s  e q u a l to  B s in 2 0 / l 2 , i n  which
B = [3h 2/m k 9 ] |> (x ) /x  + 1 /4 J , (7 )
m i s  th e  mass o f  th e  atom , h i s  P la n c k 's  c o n s ta n t ,  k i s  
B o ltzm ann 's c o n s ta n t and x = Q/T, where 9 i s  th e  s o -c a l le d  
Debye c h a r a c t e r i s t i c  tem p era tu re  o f th e  c r y s t a l .  The term  
(p (x ) i s  a  Debye fu n c t io n  g iven  by
(p(x ) = ( l / x ^ xd £ /[e x p (£ )  -  1 ] .  (8 )
-5 4 -
Y alues o f  t h i s  fu n c t io n  a re  c o n v e n ie n tly  ta b u la te d  in  th e  
I n te r n a t io n a l  T ab les f o r  th e  D e te rm in a tio n  o f  C ry s ta l  
S t r u c t u r e s ^ .
3^Gebrtlder B o rn tra e g e r , B e r lin (1 9 3 5 ) .
There i s ,  how ever, some d i f f i c u l t y  in  d e te rm in in g  th e  
v a lu e  o f 0 . T his q u a n t i ty  was o r ig in a l ly  d e fin e d  from  th e  
Debye th e o ry  o f s p e c i f i c  h e a ts 37 , and from t h i s  p o in t  of
37Debye, P . ,  Ann. P h y sik , 39, 789(1912).
view 0 f o r  30dium i s  abou t 150° The I n te r n a t io n a l
3® S eitz , p . ,  The Modern Theory o f S o l id s ,  p . 110, McGraw- 
H i l l ,  New Y ork( 1 9 4 0 7 .
T ab les f o r  D e te rm in a tio n  o f C ry s ta l  S t ru c tu r e s  g iv es  th e  
v a lu e  o f 0 to  be 202°. S t i l l  a n o th e r  v a lu e  o f 0 i s  g iv en  
by Compton and A l l l s o n 3 9 j 1720 . Such d is c re p a n c ie s  a re  n o t
39compton, A. H. and A l l is o n ,  S . K ., X-Rays in  Theory and
E xperim en t, p . 438, Van N o s tra n d ( l9 3 5 ) .
u nusua l s in c e  th e  Debye tem p era tu re  i s  q u i te  dependen t on 
th e  p a r t i c u l a r  tem p era tu re  chosen f o r  th e  experim en t as 
w e ll  as upon th e  method o f  c a lc u la t io n ,  i . e .  w hether th e  
d a ta  used comes from  s p e c i f i c  h e a t  c u rv e s , from  th e  e l a s t i c  
c o n s ta n ts  o r  from x - ra y  s c a t t e r i n g  m easurem ents. The va lue  
of 0 from  x - ra y  s c a t t e r in g  m easurem ents i s  c o n s id e ra b ly
-5 5 -
low er th an  th a t  c a lc u la te d  from o th e r  m easurem ents1*0 . The
40 ”A lexopo lu s , K. and Euthym ion, P . ,  P h i l .  M ag., 45 , 1132
(1954). “ *
d a ta  in  F ig u re  24 in d ic a te  t h a t  th e  i n t e n s i t y  f a l l s  o f f  
much more r a p id ly  in  th e  neighborhood o f th e  m e ltin g  p o in t 
th an  i s  p re d ic te d  by th e  Debye th e o ry . T his e f f e c t  was 
a ls o  n o ted  by James and W alle r1*  ^ f o r  NaCl.
^ Ija m e s , R. W. and W a lle r , I . ,  P ro c . Roy. S o c ., (London),
117A, 214(1927).
In  th e  re g io n  n e a r  th e  m e ltin g  p o in t  o f  sodium , the  
tem p era tu re  was r a is e d  v e ry  slow ly  and some u n u su a l e f f e c t s  
were n o tic e d  in  th e  f i r s t  two m e ltin g  ru n s . F ig u re  25 
shows th e  d e t a i l s  o f  th e  f i r s t  m e ltin g  ru n . The in te n s i t y  
j u s t  p r io r  to  th e  a c tu a l  m e ltin g  i s  r a th e r  e r r a t i c .  T his 
may be th e  r e s u l t  o f  th e  a n n e a lin g  o f th e  p a r t i c l e s  s in c e  
i t  i s  p ro b ab le  t h a t  q u i te  h ig h  s t r a in s  were induced in  th e  
sample d u rin g  th e  d is p e r s io n  o p e ra t io n . F o llow ing  t h i s  
m e lt in g , th e  tem p era tu re  was ra is e d  0 . 2 5 ° above th e  m e ltin g  
p o in t ,  h e ld  f o r  10 m inu tes and th en  lowered to  room tem pera­
tu r e .
F ig u re  26 shows th e  d e t a i l s  o f th e  second m e ltin g  o f 
th e  sam ple. The tem p era tu re  h e re  was r a i s e d  more s low ly  
th an  in  th e  f i r s t  ru n . The i r r e g u l a r i t i e s  in  i n t e n s i t y  
a re  s t i l l  v e ry  much a p p a re n t . I t  may be t h a t  th e  s t r a in s  
p e r s i s te d  to  a  c e r t a in  deg ree  even though th e  sample had
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been m e lted . G u in ie r ^  has re p o r te d  experim en ts which 
^ G u i n i e r ,  A ., European S c i e n t i f i c  N o te s , 6 , 295(1952).
r e v e a l  t h a t  m eta ls  which a re  m elted  and th e n  s o l id i f i e d  
o f te n  have th e  same c r y s t a l  o r i e n ta t io n  a f t e r  s o l i d i f i c a t i o n  
as th e y  had b e fo re  th ey  were m e lted . W hether t h i s  im p lie s  
th a t  s t r a in s  can p e r s i s t  in  a  m e ta l even though i t  has been 
m elted and cooled i s  n o t known.
A f te r  th e  second m e ltin g , th e  tem p era tu re  was r a is e d  
1 . 35° above th e  m e ltin g  p o in t  and h e ld  th e re  f o r  12  h o u rs . 
The sample was th en  s low ly  co o led . F ig u re  27 shows th e  
type  o f  curve observed f o r  th e  th i r d  and a l l  subsequen t 
m e ltin g s . The e x p e rim en ta l p o in ts  a re  shown f o r  t h i s  
curve as b e in g  r e p r e s e n ta t iv e  o f th e  r e s u l t s  in  g e n e ra l .  
There a re  no p rem e ltin g  i r r e g u l a r i t i e s  o f  th e  n a tu re  p r e v i ­
o u s ly  n o ted . Subsequent a tte m p ts  to  rep roduce  th e se  i r ­
r e g u l a r i t i e s  by c o o lin g  th e  sample f a s t  from th e  m olten  
s t a t e  were n o t s u c c e s s fu l  and a l l  f u tu r e  cu rves were v e ry  
smooth in  th e  re g io n  below th e  m e ltin g  p o in t .
JlO
W llch insky  J , in  a  t h e o r e t i c a l  and e x p e rim e n ta l s tu d y  
^ 3 w iiCh in gky# z.  W., A c ta . C r y s t . ,  4_, 1 (1 9 5 1 ).
o f th e  d i f f r a c t i o n  o f  x - ra y s  by c r y s t a l l i n e  powders o f 
v a r io u s  s i z e s ,  found th a t  under c a r e f u l ly  c o n tro l le d  con­
d i t i o n s ,  th e  d i f f r a c te d  in t e n s i t y  in c re a se d  w ith  d e c re a s in g
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p a r t i c l e  s iz e  in  th e  range 10~3  to  10“5 cm. T his i s  th e  
range j u s t  above th a t  where l in e  b roaden ing  due to  sm all 
p a r t i c l e  s iz e  becomes a p p re c ia b le .  The d a ta  in  F ig u re s  
25 and 26  m ight th e n  be in te rp r e te d  as a  b rea k in g  up of 
th e  c r y s ta l s  in to  sm a lle r  ones as th e  m e ltin g  p o in t  i s
iik
approached . T h is approach  has been suggested  by K osse l .
^ K o s s e l ,  W ., Die M olekularen  Vorgflnge belm K ris ta llw a ch s tu rn , 
L e ip z ig ( 1928").
I t  i s  b e lie v e d  th a t  th e  anom alies in  th e  i n t e n s i t y  
observed in  F ig u re s  24 and 25 were r e a l ,  b u t t h a t  th e  d a ta  
in  th e  l a t e r  runs a re  more r e l i a b l e  and more c h a r a c t e r i s t i c  
o f th e  m e ltin g  p ro c e ss .
As d isc u sse d  p re v io u s ly  (S e c tio n  2 .4 ) ,  i t  i s  o f  con­
s id e ra b le  i n t e r e s t  to  know w hether th e  sample therm ocouple 
re a d in g  i s  an  a c c u ra te  In d ic a t io n  o f  th e  sample te m p e ra tu re . 
F ig u re  28 was tak e n  as a  t e s t .  H eating  o f th e  o u te r  chamber 
( (4 )  in  F ig u re  13) was reduced a t  p o in t  A in  F ig u re  28 to  
such an e x te n t  t h a t  th e  in n e r  chamber no lo n g e r con tinued  
to  re c e iv e  h e a t .  T his r e d u c tio n  in  th e  o u te r  chamber 
tem p era tu re  was e s tim a te d  to  be abou t 2° C. As shown, the  
x - ra y  in t e n s i t y  im m ediate ly  became c o n s ta n t ,  and rem ained 
so u n t i l  h e a t in g  was resumed abou t an  hour l a t e r ,  when 
m e ltin g  a g a in  p roceeded . The experim en t was re p e a te d  a t  
p o in t  B, b u t th e  re d u c t io n  in  tem p era tu re  o f  th e  o u te r  
chamber was on ly  abou t 1G G. T his p ro b ab ly  a cco u n ts  f o r
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th e  f a c t  t h a t  th e  s lo p e  i s  n o t z e ro , though th e  s te e p n e ss  
o f  th e  m e ltin g  curve in  t h i s  re g io n  m ight l lk e v l s e  he s i g ­
n i f i c a n t .  The l in e  was scanned a t  p o in ts  ( 1 ) ,  ( 2 ) ,  ( 3 ) ,
(^)> (5)> (6) and th e  r e s u l t s  a re  shown in  F ig u re  28a .
There i s  no d e te c ta b le  change in  w id th  o f th e  l in e  as th e  
m e ltin g  p ro g re s se s .
R e tu rn in g  now to  F ig u re  27, th e re  i s  a  decided  change 
in  th e  s lo p e  o f  th e  curve c o n s id e ra b ly  in  advance o f  th e  
sh a rp  b rea k . T his i s  a t  a  tem p era tu re  abou t O.650 below 
th e  m e ltin g  p o in t .  T hat t h i s  r e p re s e n ts  a c tu a l  m e ltin g  o f 
th e  sample has been e s ta b l is h e d  by a llo w in g  th e  i n t e n s i t y  
to  d rop  in  amounts e q u a l to  10 and 30 p e rc e n t l iq u id  con­
t e n t  o f  th e  sam ple, and th en  low ering  th e  tem p era tu re  u n t i l  
th e  sample was 100 p e rc e n t s o l id .  The s o l i d i f i c a t i o n  curve 
was ty p ic a l  o f  th e  s o l i d i f i c a t i o n  curves o f th e  100 p e rc e n t 
m elted  sam ple. The curve f o r  th e  30  p e rc e n t p a r t i a l  m e ltin g  
i s  shown in  F ig u re  28b. I t  was p a r t i c u l a r l y  n o t ic e a b le  in  
th e se  s o l i d i f i c a t i o n  curves t h a t  th e  maximum u n d e rco o lin g  
a t t a in e d  was ap p ro x im ate ly  e q u a l to  th e  maximum u n d e rco o lin g  
w ith  th e  com plete ly  m elted  sam ple. I t  ap p ea rs  t h a t  th e  
m e ltin g  o f  th e  sample a t  tem p era tu re s  under th e  m e ltin g  
p o in t  o f th e  b u lk  o f  th e  sample i s  a  p a r t i c l e  s iz e  e f f e c t .
lie
Pavlov J was th e  f i r s t  to  s tu d y  th e  e f f e c t  o f p a r t i c l e
^5pav lov , J . ,  J .  R uss. Phys. Chem. S o c .,  XL, 1022(1908).
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s iz e  on th e  m e ltin g  tem p era tu re . He came to  th e  c o n c lu s io n
th a t  th e  sm a lle r  th e  p a r t i c l e  s iz e  th e  lo v e r  th e  m e ltin g
p o in t .  From a  therm odynam ical p o in t  o f  v ie v , and assum ing
th e  p r in c ip le  o f c o n tin u i ty  can he a p p lie d  to  c r y s t a l s  in
e q u il ib r iu m  v l th  t h e i r  m e lt ,  th e  fo l lo v ln g  r e l a t i o n s h ip  can 
46be d e riv e d  ,
46R ie , E . ,  Z e i t .  f .  Phys. Chem., 104, 354(1923).
AT/T q = 20/rQd (9)
vhere  <r i s  th e  su rfa c e  f r e e  energy  o f th e  l iq u id  vs th e  
s o l id ,  A T  I s  th e  lo v e r ln g  o f th e  m e ltin g  p o in t ,  r  th e  r a d iu s  
o f  th e  d r o p le t ,  Q th e  l a t e n t  h e a t  o f  c r y s t a l l i z a t i o n ,  d th e  
d e n s i ty  o f  th e  s o l id  p h ase , and T0 th e  m e ltin g  tem p era tu re  
o f a  b u lk  sam ple. The v a lu e  o f  cr in  t h i s  e x p re s s io n  has 
been c r i t i c i s e d  by H arbury2*'?, vho s t a t e s  t h a t  cr I s  n o t
^ H a rb u ry , L . ,  J .  Phys. and C o llo id  Chem., 50 , 190(1946).
m erely  th e  su r fa c e  f r e e  energy  o f  th e  m a te r ia l  b u t m ust 
In c lu d e  many o th e r  f a c t o r s ,  l a r g e ly  o f unknovn c h a ra c te r  
and Im portance . A ccording to  H arbury , th e  e f f e c t  should  
be n o t ic e a b le  on ly  in  th e  range o f  p a r t i c l e  s i z e  10 to
o hfi
100 A, b u t R ie In d ic a te d  th e  e f f e c t  may be n o t ic e a b le  
f o r  v a lu e s  o f  r  ap p ro x im ate ly  e q u a l to  1 0 ’ -* cm.
-6 6 -
H inshelvood and H a r tle y 1*® in  a  s e r i e s  o f  experim en ts
^®Hinshelvood, C. N. and H a r tle y , H ., P h i l .  M ag., 6 -4 3 ,
78(1922).
on th e  e q u il ib r iu m  betw een sm all c r y s t a l l i t e s  and t h e i r  m elt 
found th a t  AT v a rie d  a s  1 / r  and th a t  th e  e f f e c t  vas ap ­
p re c ia b le  f o r  p a r t i c l e s  o f  r  o f  th e  o rd e r  o f 10~5 cm.
F ig u re  27 may be ana ly sed  on th e  b a s is  o f  th e  m e ltin g  
o f th e  sm a lle r  p a r t i c l e s  a t  tem p era tu re s  below th e  m e ltin g  
p o in t  o f  th e  b u lk . F ig u re  29  shovs th e  p e rc e n t s o l id  as 
a  fu n c t io n  o f  tem p era tu re  below th e  m e ltin g  p o in t  w here, 
now, th e  "m elting  p o in t"  i s  assumed to  be th e  tem p era tu re  
f o r  com plete m e ltin g  (p o in t  A, F ig u re  2 7 ) .  I f  th e  a s ­
sum ption i s  made th a t  90  p e rc e n t o f  th e  volume o f  th e  
sample c o n s is ts  o f  p a r t i c l e s  w ith  a  r a d iu s  g r e a te r  th an  
5 x 10“6 cm*, th e n  E quation  ( 9 ) may be used to  f in d  th e
#
see  Appendix I I I
cum ulative  volume as a  fu n c t io n  o f  p a r t i c l e  s i z e .  Ten p e r ­
c en t o f  th e  sample had m elted  a t  AT = 0 .15°  c .  From
p
E q u atio n  ( 9 ) ,  -  1 .3  e rg s  p e r cm . F ig u re  30 shovs a
p lo t  o f  th e  cum ulative sample volume a s  a  fu n c t io n  o f  th e  
p a r t i c l e  r a d iu s .  The s lo p e  o f  t h i s  curve g iv e s  th e  p a r t i c l e  
s iz e  d i s t r i b u t i o n  in  th e  sam ple, shown in  F ig u re  30A. T his 
curve i s  to  be compared to  a s im i la r  curve p lo t te d  from th e  
s o l i d i f i c a t i o n  s tu d ie s .
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There was some q u e s tio n  a s  to  th e  lo c a t io n  m e ltin g  
p o in t  because o f  th e  l i n e a r  p o r t io n  o f th e  curve in  
F ig u re  2 7 . I f  th e  sample m elted  is o th e rm a lly , th e  in ­
t e n s i t y  vould  be expec ted  to  drop  l i n e a r l y  f o r  th e  tim e
*
re q u ire d  to  m e lt th e  sam ple» A c a lc u la t io n  vas made o f 
#
see  Appendix I I .
th e  amount o f h e a t  n e c e ssa ry  to  com p le te ly  m elt th e  sam ple, 
and o f  th e  amount o f  h e a t  a v a i la b le  from  th e  o i l  b a th ,  i f  
th e  o i l  b a th  tem p era tu re  i s  0 .0 1 °  C above th e  m e ltin g  p o in t  
o f  th e  sam ple. T his c a lc u la t io n  shoved t h a t  0 .23  c a lo r ie s  
a re  n e c e ssa ry  to  m elt th e  sam ple com plete ly  and th a t  1 ,6  
c a lo r ie s  a re  a v a i la b le  from th e  o i l  b a th . So, I f  th e  
m e ltin g  i s  Iso th e rm a l, th e re  i s  ample h e a t  a v a i la b le  to  
co n tin u e  th e  m e ltin g  a t  th e  p o in ts  A and B In  F ig u re  28. 
H ovever, th e  m e ltin g  s to p s  when h e a t  I s  no lo n g e r p u t in to  
th e  o i l  b a th  cham ber, so I t  i s  to  be concluded t h a t  th e  
observed shape o f  th e  m e ltin g  curve re p re s e n ts  a  p a r t i c l e  
s iz e  e f f e c t  and th a t  th e  "b u lk H m e ltin g  p o in t  I s  a t  a  
tem p era tu re  no lo v e r  th a n  p o in t  A in  F ig u re  2 7 .
3 .3  A: S o l id i f i c a t i o n
The i n a b i l i t y  o f  thermodynamic th e o r ie s  to  e x p la in  
many observed p ro c e sse s  in  phase tra n s fo rm a tio n s  h as led  
to  th e  th e o ry  o f  n u c le a t lo n  and g ro v th . The f i r s t  th e o r ie s
- 7 1 -
were developed to  e x p la in  th e  n u c le a t io n  o f th e  l iq u id  
phase in  s u p e r - s a tu ra te d  v ap o r. Volmer and W e b e r* *  9 v e re
^^Volmer, M. and Weber. A ., Z e i t .  f .  Phys. Chem., 119, 227
(1925).
th e  f i r s t  to  propose a  rea so n a b le  m odel. They proposed t h a t  
dense c lu s te r s  o f m olecu les appeared  in  th e  vapor by th e rm al 
f lu c tu a t io n s .  These c l u s t e r s ,  ( c a l le d  embryos) under 
c e r ta in  c o n d it io n s , could grow to  a  s iz e  la rg e  enough to  
become n u c le i  f o r  th e  new p h ase . B ecker and D dJring^
5°B ecker, R. and D flring, W., Ann. d . P h y s ., 5 -2 ^ , 719(1935).
improved th i s  th e o ry  by c o n s id e r in g  th e  p o s s i b i l i t y  t h a t  
embryos and n u c le i  can s h r in k  as w e ll  a s grow. The th e o ry  
in  th e  form p re se n te d  by them i s  th e  b a s is  f o r  a p p l ic a t io n s  
o f  n u c le a t io n  and grow th th e o ry  to  o th e r  tra n s fo rm a tio n s .
A rev iew  o f th e  th e o ry  i s  u s e f u l  a t  t h i s  p o in t .
In  g a se s , f lu c tu a t io n s  o f  d e n s i ty  a re  p re d ic te d  by 
s t a t i s t i c a l  t h e o r i e s .  These f lu c tu a t io n s  r e s u l t  in  unusua l 
s c a t t e r in g  o f l i g h t  n e a r  th e  c r i t i c a l  p o in t .  The r e s u l t s  
o f l i g h t  s c a t t e r in g  experim en ts in  b o th  l iq u id s  and g a se s , 
a re  e x c e l l e n t ly  d e sc rib e d  by th e  th e o r ie s  o f Sm oluchowski^l
51
Smoluchowski, M., Ann. d . P h y sik , 25 , 205(1908).
and E i n s t e i n ^ 2 . The average  v a lu e  o f th e  d e n s i ty  f lu c tu a t io n s
-7 2 -
- ^ E in s te in ,  A ., Ann. d . P h y sik , 33 , 1275(1910).
tu rn s  o u t to  he in v e r s e ly  p ro p o r t io n a l  to  th e  sq u are  ro o t  
o f  th e  number o f m olecu les In  th e  re g io n  c o n s id e re d .
Even in  view o f  th e se  f l u c tu a t io n s ,  i t  seems un­
re a so n a b le  t h a t  a  s u f f i c i e n t  number o f m olecu les to  form
a s ta b le  n u c leu s would come in to  c o n ta c t s im u lta n eo u s ly .
5 3The assum ption  i s  th e r e fo re  made , th a t  embryos a re  b o rn ,
^^Volm er, M. and W eber. A ., Z e i t .  f .  Phys. Chem., 119, 227
(1925).
grow to  n u c le i ,  o r  d is a p p e a r  by a  sequence o f b im o le cu la r  
r e a c t io n s , th u s ,
e< + e<
(3* + «
where r e p re s e n ts  an atom o r  m olecule o f  th e  phase °< and
p i  an embryo o f  th e  phase f t  c o n ta in in g  i  atoms o r  m o lecu les .
A nother b a s ic  assum ption  o f th e  th e o ry  o f Volmer and
Weber and B ecker and Dflring i s  t h a t  th e  f r e e  energy  o f  th e
embryos can be c a lc u la te d  by assum ing them to  be sm all
d r o p le ts  o f th e  l iq u id  p h ase , and th a t  th e  su rfa c e  energy  
2p e r  cm o f th e  embryo i s  e q u a l to  t h a t  f o r  a  f l a t  su rfa c e
(3i
( 10)
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o f  th e  l iq u id .  The f r e e  energy  o f a  system  o f sm all 
d rops o f  l iq u id  fi d isp e rse d  in  a  gas °( Is
G = iv  6 * + n/ag/9+ 4irr2 cr, (11)
vhere  n^ and n^ a re  th e  numbers o f  m olecu les o f  <x and ft 
and g* and th e  f r e e  e n e rg ie s  p e r p a r t i c l e  o f  phases 
oc and (b r e s p e c t iv e ly ,  r  i s  th e  r a d iu s  o f  th e  d rop  and <r
th e  su r fa c e  f r e e  energy  o f  th e  l iq u id  w ith  r e s p e c t  to  th e
v ap o r. For r  » 0 , G0 * (n^ + n ^Jg* , and
AG = G -  G0 = (*T r*3/3i^)(gp - g j  + kTTr2<r, (12)
which has a  maximum when r  = r c , found by s e t t i n g
'M G /dr = (12irr2/3v/3 -  g j  + 8 nr<r = 0.
Then
g* —g/3 = 2 ^ / ^  (13)
o r
r c = 2 cr/flGv , (14)
where z\Gy i s  th e  change in  f r e e  energy  p e r  u n i t  volume in  
th e  t r a n s i t i o n  oi-+/3.
E quation  (12) becom es,
nG = kffoir2 -  2 r3 /3 r c ) , (15)
- 7 k -
vhere  r c i s  th e  c r i t i c a l  ra d iu s  f o r  e q u il ib r iu m . The 
e q u il ib r iu m  i s  u n s ta b le  because o f th e  n a tu re  o f th e  energy  
c u rv e .
I t  i s  sometimes conven ien t to  w r i te  AG in  term s o f  th e  
number o f atoms o r  m olecu les 1 In  an  embryo o f  rad lu 3  r .  
Thus,
AG i  = A l2//\  B l. (16)
The maximum v a lu e  o f AG i s
AG* -  ( l /3 ) (* i« r r2 ) -  16^ / 3 (AGv )2 . (IT )
F ig u re  31 shows a p lo t  o f E quation  (15)» Curve 1 i s
AG
F ig u re  31• Energy o f fo rm atio n  
o f  an  embryo as a  fu n c t io n  o f 
i t s  s i z e ,  in  a  s ta b le  phase (1) 
and u n s ta b le  phase (2 ) .
-7 5 -
a p lo t  o f th e  f i r s t  term  and r e p re s e n ts  th e  energy  a s  
c o n tin u a l ly  in c re a s in g  w ith  no maximum and th e re fo re  no 
p o s s i b i l i t y  o f  th e  embryo becoming a s ta b le  n u c leu s capab le  
o f s t a r t i n g  a  tra n s fo rm a tio n . Curve 2 i s  a  p lo t  o f th e  
com plete e q u a tio n . From th e  curve i t  i s  observed th a t  
embryos sm a lle r  th an  r e w i l l ,  in  g e n e ra l ,  e v a p o ra te , so 
t h a t  th e  c r i t i c a l  s iz e  can be reached  o n ly  by th e  k in e t ic  
p ro cess  o f s t a t i s t i c a l  f lu c tu a t io n s  t h a t  i s  allow ed in  
view o f th e  s t a t i s t i c a l  n a tu re  o f  th e  second law o f therm o­
dynam ics. Embryos o f  a  s iz e  r c a re  c a l le d  n u c le i .  They 
have an  eq u a l chance of grow ing o r  e v a p o ra tin g , b u t once 
th e y  s t a r t  to  grow th e y  r a p id ly  p ro g re s s  to  s ta b le  p a r t i ­
c le s  o f  th e  new p h ase .
The e q u il ib r iu m  number o f em bryos, c o n ta in in g  i  
m olecu les eac h , may be found by m in im izing  th e  f r e e  energy  
o f  th e  system  w ith  r e s p e c t  to  th e  number o f embryos. The 
f r e e  energy  change upon in tro d u c in g  n^ embryos i s
AG = n j/lG i -  TdSn i  (18)
where ziSn ^ i s  th e  e n tro p y  o f  m ixing n^ embryos w ith  th e  
rem ain ing  p a r t i c l e s .  I f  th e  number o f  embryos o f  a l l  s iz e s  
i s  v e ry  much sm a lle r  th an  th e  number o f  un transfo rm ed  
atom s, th e  e n tro p y  o f m ixing  reduces to
* s nt  ~ ^ i ^ 1 “ ( x9)
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Then,
"bAG/^n^ = AG* + k T l n ^ j / n ) .  (2 0 )
S e t t in g  t h i s  e q u a l to  zero  and so lv in g  f o r  n ^ ,
ttj. = N e x p f-A G j/k T ) (21)
where N i s  th e  number o f atoms p e r  em3 In  th e  system . Now 
i f  AGi = AG* th e n  n^ = n* and th e  number o f n u c le i  in  th e  
system  w i l l  be
n* -  N exp(-A G * A T ) . (22)
The b a s ic  problem  in  n u c le a t io n  th e o ry  i s  th e  c a lc u ­
l a t i o n  o f  th e  r a t e  o f n u c le a t io n  o f a  new phase . In  th e  
th e o ry  o f  Volmer and W eber, th e  n u c le i  were assumed on ly  
to  grow, and n o t  to  e v a p o ra te , hence th e  r a t e  o f  s t a b le  
n u c le a t io n  i s  e q u a l to  th e  number o f u n s ta b le  n u c le i  m u l t i ­
p l ie d  by th e  number o f  m o lecu les p e r  second s t r i k in g  th e  
su r fa c e  o f  th e  n u c le u s . Prom th e  k in e t ic  th e o ry  o f  gases^
Cii
J Loeb, L . , K in e tic  Theory o f  G ases, p . 105, M cGraw-Hill,
New Y ork (193^)•
th e  number o f  m o lecu les s t r i k in g  a u n i t  su rfa c e  in  u n i t  tim e 
i s
l \  = p/K2tTMM, (23)
where p i s  th e  p re s su re  and M th e  m o lecu la r w e ig h t. Thus,
-7 7 -
th e  r a t e  o f  n u c le a t io n  v i l l  be
I  = (^ N r 2p/l/2iTMkT) exp ( -ifTTo r 2/3 k T ) (24)
C c
and th e  r a t e  o f  co n d en sa tio n  In to  th e  phase (3 w i l l  be
R = I  i c , (25)
vhere  l c I s  th e  number o f  atoms In  th e  s ta b le  n u c le u s . 
E quation  (24) i s  th e  fo rm ula  d e riv e d  by Volmer and W eber. 
B ecker and D flring-^ took  in to  accoun t th e  f a c t  t h a t
55 jhe  d e r iv a t io n  i s  r a t h e r  complex and i s  g iv en  In  d e t a i l  
in  Ann. d . P h y s ik , 5 -2 4 , 719(1935).
embryos have a  chance o f  e v a p o ra tin g  a s  v e i l  a s  grow ing. I f
i s  th e  s u r fa c e  a re a  o f  an  embryo c o n ta in in g  1 m o le cu le s ,
P 1 th e  p r o b a b i l i ty  o f  growing and p£ t h a t  o f  e v a p o ra tio n  
p e r u n i t  a re a  p e r u n i t  tim e th e s e  a u th o rs  f in d
I  = ( P ' S i / i c ) ^ ^  e x p (- 4 7 ^ / 3 ^ ) .  (26)
E q u a tio n  (26) d i f f e r s  from  E q u atio n  (24) on ly  in  th e  co­
e f f i c i e n t ,  th e  two exponents a re  i d e n t i c a l .  A c tu a l ly  th e  
e x p o n e n tia l  term  co m p le te ly  dom inates th e  e x p re s s io n  and 
the  e f f e c t  o f th e  o th e r  d if f e r e n c e s  i s  n o t d e te c ta b le  when 
com paring w ith  ex p erim en t. However, th e  tre a tm e n t o f  B ecker 
and Dflring does avo id  some o f th e  thermodynamic u n c e r ta in t ie s  
o f  e a r l i e r  th e o r ie s .
- 7 8 -
A ttem pts^8 ' ' ^  have been made to  Improve th e  e x p re s s io n
^ K irk w o o d , j .  g . and B u ff , P . P . ,  J .  Chem. P h y s ., 18 , 991
(1950). “ “
5 7 R e iss , H. J . ,  J .  Chem. P h y s ., 20 , 1216(1952).
f o r  th e  f r e e  energy  o f th e  em bryos, e s p e c ia l ly  th e  su rfa c e  
energy  te rm . In  an  ex trem ely  sm all d r o p le t ,  10 to  100 
m o lecu la r d ia m e te rs , th e re  Is  no d e f i n i t e  s u r f a c e ,  b u t 
r a th e r  a  t r a n s i t i o n  zone 2 to  5 m o lecu la r d iam e te rs  in  
th ick n ess^® j5 9 . These th e o r ie s  lead  to  s u b s ta n t i a l ly
58Tolman, R. D ., J .  Chem. P h y s ., 17 , 333(19*9).
59K irkvood, J .  G. and B u ff , P . P . ,  J .  Chem. P h y s ., 17, 338
(19*9).
d i f f e r e n t  v a lu e s  o f  AG*.
The p rev io u s  developm ent has been based on th e  a s ­
sum ption t h a t  n u c le a t io n  ta k e s  p la c e  s o le ly  by th erm al 
n u c le a t io n .  T hat i s  to  sa y , i t  i s  spontaneous and occurs 
by th e rm al f lu c tu a t io n s  a lo n e . T his i s  term ed homogeneous 
n u c le a t io n .
I t  h as  been observed th a t  p a r t i c u l a r  sam ples used in  
n u c le a t io n  experim en ts have g iv en  w id e ly  d i f f e r e n t  r e s u l t s .  
The r e s u l t s  a re  v e ry  s e n s i t iv e  to  th e  p u r i ty  o f th e  sample 
and to  th e  th e rm al h i s to r y .  I t  th e re fo re  ap p ea rs  t h a t  most 
tra n s fo rm a tio n s  a re  n u c le a te d  by f o r e ig n  o b je c ts  o r  i n f l u ­
ences on th e  system . Such n u c le a t io n  i s  c a l le d  h e te ro g e n e ­
ous n u c le a t io n .  R ecognizing  t h i s ,  Volmer^® expanded h i s
-7 9 -
60Volmer, M ., Z e i t .  f .  E le k tro c h em ., 35 , 555(1929).
e a r l i e r  th e o ry  to  in c lu d e  th e  e f f e c t  o f  a  f i n i t e  c o n ta c t
an g le  betw een a l iq u id  embryo and a p lan e  fo re ig n  s u r fa c e .
* # #T his r e s u l te d  in  an  e x p re ss io n  f  o r  4Gg ^ where 4 GQ
is  th e  f r e e  energy  f o r  homogeneous n u c le a t io n  a s  in  E q u atio n  
(17) and f(G ) a fu n c t io n  o f  th e  c o n ta c t  a n g le . T his r e s u l t s  
in  an  e x p re ss io n  f o r  th e  r a t e  o f  n u c le a t io n ,
I  = K exp(-AG*/kT) (27)s
where K i s  an undeterm ined c o e f f i c i e n t .
One would assume t h a t  th e  f r e e  energy  f o r  h e t e r ­
ogeneous n u c le a t io n  w i l l  be l e s s  th an  t h a t  f o r  homo­
geneous n u c le a t io n ,  so t h a t  i f  enough s i t e s  f o r  h e t e r ­
ogeneous n u c le a t io n  e x i s t ,  th e  e n t i r e  r e a c t io n  w i l l  proceed 
by t h i s  p ro c e s s . However, i f  i n s u f f i c i e n t  s i t e s  e x i s t ,  th e  
r e a c t io n  w i l l  n o t go to  com pletion  and th e  r a t e  o f  n u c le ­
a t io n  w i l l  be a  fu n c t io n  o f  tim e . T his p o s s i b i l i t y  was 
re c o g n ize d , and a  fo rm al th e o ry  developed to  d e sc r ib e  
i t  by Avraml . The n u c le a t io n  r a t e  a s  a fu n c t io n  o f  tim e
6 l Avram i, J . ,  J .  Chem. P h y s ., 7 , 1103(1939).
i s  shown in  F ig u re  32. The i n i t i a l  b u ild u p  o f  th e  n u c le ­
a t io n  in  v a p o r- l iq u id  system s i s  v e ry  r a p id ,  though n o t
- 8 0 -
in s  tan tan eo u s a s  p re d ic te d  by th e  th e o ry  o f B ecker and 
D flring. T h eo ries  o f th e  dependence o f  th e  r a t e  o f n u c le ­
a t io n  on tim e have been proposed by Z e l d o v l c h ^ 2  and more
62Z eld o v lch , J .  B . ,  A cta  P h y sio ch im ., USSR, 18 , 1 (1 9 4 3 ).
I
TIME
F ig u re  32. R ate  o f  he te ro g en eo u s 
n u c le a t io n  vs tim e f o r  a  l im ite d  
number o f n u c le a t io n  s i t e s .
r e c e n t ly  by K a n t r o v i t z ^  and P r o b s t e l n ^ \  b u t th e y  have been
63K a n tro v itz , A ., J .  Chem. P h y s ., 19 , 1097(1951). 
^ P r o b s t e in ,  R. F . ,  J .  Chem. P h y s ., 19 , 619(1951).
on ly  q u a l i t a t i v e l y  e f f e c t iv e  in  e x p la in in g  e x p e rim e n ta l 
r e s u l t s  o f n u c le a t io n  in  v e ry  ra p id  ex p an s io n s . The 
g e n e ra l  e x p re ss io n  f o r  th e  curve has th e  form ,
-8 1 -
I t  = Nc f  e x p ( - f t  + i ^ A n cn t ) ,  (28)
v h e re  NQ i s  th e  number o f  n u c le a t io n  3 i t e s ,  f  i s  th e  n u c le ­
a t io n  freq u en cy  p e r  s i t e ,  and nc th e  number o f su rfa c e  
atoms In  th e  n u c le u s . ? \ i s  u s u a l ly  l a r g e ,  so t h a t  th e  
second term  i s  sm a ll , e x ce p t f o r  v e ry  ra p id  changes in  
tem p era tu re  o r p re s s u re .
As f a r  as  th e  g e n e ra l  agreem ent betw een th e o ry  and 
experim ent i s  concerned , I t  may be sa id  t h a t  th e  th e o ry  
a s  p re sen te d  by B ecker and Dflring g iv e s  e x c e l le n t  a g re e ­
ment w ith  th e  e x p e rim e n ta l r e s u l t s  o f  Volmer and P lo o d ^  on
^-V olm er, M. and F lo o d , H. Z . ,  Z e l t .  f .  Phys. Chem., 170A,
273(193*).
th e  n u c le a t io n  o f w a te r  from  s u p e rs a tu ra te d  v ap o r. A gree­
ment o f th e  o th e r  th e o r ie s  d isc u sse d  above i s  n o t a s  s a t i s ­
f a c to ry .
The su ccess  o f  th e  B ecker and D uring th e o ry  in  th e  
case  o f v a p o r- l iq u id  t r a n s i t i o n s ,  has encouraged th e  use  
o f s im i la r  assum ptions in  e x te n d in g  th e  th e o ry  to  homo­
geneous n u c le a t io n  in  l i q u id - s o l id  and s o l id - s o l id  t r a n ­
s i t i o n s .
Becker*^ was th e  f i r s t  to  ex tend  th e  th e o ry  to  th e  
66B ecker, R .,  Ann. d . P h y s ik , 32 , 128(1938).
l iq u id - s o l id  tra n s fo rm a tio n . I t  was assumed t h a t  th e  f r e e
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energy  f o r  fo rm atio n  o f embryos in  a  condensed system  i s  
o f  i d e n t i c a l  form  as t h a t  f o r  fo rm a tio n  o f embryos in  g a s ­
eous system s. However, in  condensed system s th e  k in e t ic  
th e o ry  e x p re ss io n  f o r  th e  r a t e  o f bombardment o f  the  
n u c leu s by atoms o r  m olecu les o f  th e  p a re n t  phase can no 
lo n g e r  be used . The movement o f  an atom a c ro ss  an i n t e r ­
fa c e  m ust be exp ressed  in  term s o f  an  a c t iv a t io n  en erg y , 
say  Hence B e c k e r 's  e x p re ss io n  has th e  form ,
I  = C exp(-(dG * + AGA)/kT ) (29)
where C i s  an undeterm ined c o e f f i c i e n t .
67More r e c e n t ly  T u rn b u ll and F is h e r  1 u s in g  th e  same
^ T u r n b u l l ,  D ., and F is h e r ,  J .  C ., J .  Chem. P h y s ., 17 ,
71 (1949).
b a s ic  assum ptions as B ecker and D flrlng , a p p lie d  a b s o lu te  
r e a c t io n  r a t e  th e o ry  to  th e  problem . T his th e o ry  p re -
68G la ss to n e , S ., L a id le r ,  K. J .  and E y rin g , H ., The Theory
o f  R ate  P ro c e s se s , McGraw-Hill,New Y o rk (1 9 4 l) .
d i e t s  t h a t  th e  n e t  t r a n s f e r  o f  atoms a c ro ss  an  in te r f a c e  i s ,
V  = (kT /h) exp(-dGA/kT ) . (30)
S u b s t i tu t in g  (30) f o r  in  E q u a tio n  (2 3 ) , and making
rea so n a b le  assum ptions co n cern in g  th e  s iz e  o f th e  n u c leu s  
and th e  m agnitude o f  th e  e n e rg ie s  in v o lv e d , th e y  were a b le
-8 3 -
to  a r r iv e  a t  a  q u a n t i t a t iv e  e x p re ss io n  f o r  th e  r a t e  of 
n u c le a t io n . Thus,
I  = n*(a<r/97rkT)^n(kT/h) exp(-(dG * + ^ G ^ J/k T ), (31)
where a  i s  de term ined  by th e  g e o m e tr ic a l shape o f  th e  n u c le ­
u s ,  n* i s  th e  number o f  atoms in  th e  su r fa c e  of a  nu c leu s 
o f c r i t i c a l  s i z e ,  and n th e  number of atoms p e r u n i t  volume 
o f th e  p a re n t p h ase . F o r s p h e r ic a l  n u c le i ,
(a<r/97rkT)i = ((T /k T ji^ v /g rr)1/ ^ , (32)
where v i s  th e  volume p e r  atom in  th e  p a re n t  p hase .
Fo llow ing  th e  tre a tm e n t f o r  t r a n s ie n t  n u c le a t io n ,  1^ 
may be w r i t te n
1 = 1  e x p ( - f t  + i* 2A n * -u t). ( 3 3 )
S ince  in  condensed system s v can be v e ry  sm a ll , t h i s  may 
be an im p o rtan t f a c to r  in  n u c le a t io n  in  condensed system s 
even a t  o rd in a ry  r a t e s  o f  change o f te m p e ra tu re .
In  g e n e ra l ,  th e  th e o ry  i s  a p p lie d  to  experim en t by 
th e  ad ju s tm en t o r  c a lc u la t io n  o f 4 G*, f o r ,  in  f a c t ,  ex cep t 
over a  sm a ll range o f  te m p e ra tu re , t h i s  i s  th e  c o n tr o l l in g  
f a c t o r .  The th e o ry  has been a p p lie d  w ith  m oderate su ccess  
by T u rn b u ll , Holloman, F is h e r  and Vonnegut a t  th e  G enera l 
E le c t r i c  R esearch  L a b o ra to r ie s  and by LsMer and Pound 
e lsew h e re , to  th e  problem  o f  c r y s t a l l i z a t i o n  from  an
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undercooled  m e lt . E x c e lle n t  rev iew  a r t i c l e s  have been 
w r i t te n  on th e  sub jec t^9*70 ,71> 72#
69 ”Holloman, J .  H. and T u rn b u ll, D ., P ro g ress  in  M etal Physics,
4 , 333(1953).
7°LaMer, V. K ., In d . Eng. Chem., 44 , 1269(1952).
7 l Pound, G. M ., In d . Eng. Chem., 44 , 1278(1952).
72T u rn b u ll, D. and V onnegut, B ., In d . Eng. Chem., 44, 1292
(1952).
The above th e o ry  has been  advanced to  e x p la in  homo­
geneous n u c le a t io n . However, th e re  i s  ample ev idence  th a t  
m ost l iq u id - s o l id  tra n s fo rm a tio n s  a re  n u c le a te d  by h e te r o ­
g e n e i t ie s  on th e  w a lls  o f th e  c o n ta in e r  h o ld in g  th e  sam ple. 
F o llow ing  a  s tu d y  o f  th e  e f f e c t  o f  c a ta ly s t s  on th e  su r fa c e  
o f  th e  sample c o n ta in e r ,  T u rn b u ll and V o n n e g u t^  d e riv e d
T r u m b u l l ,  D. and V onnegut, B .,  In d . Eng. Chem., 44, 1292
(1952).
an  e x p re ss io n  f o r  th e  n u c le a tio n  freq u en cy  p e r  u n i t  a re a  
o f  c a t a ly s t  s u r fa c e . T h e ir  e x p re ss io n  had th e  same expo­
n e n t i a l  term  as V o lm er's  E quation  (2 7 ) ,  b u t a  d i f f e r e n t  
c o e f f i c i e n t .  The r a t e  o f n u c le a t io n  as d e riv e d  by them I s ,
I  = ns kT/h exp (-4G *f(9 )/kT ) (34)
where ns i s  th e  number of atoms in  c o n ta c t  w ith  th e  c a t a l y t i c
s u r fa c e . The h e te r o g e n e i t ie s  may tak e  th e  form  o f  m ic ro -
c a v i t l e s  in  which c r y s t a l s  o f  th e  s o l id  phase may p e r s i s t
- 8 5 -
somevhat above th e  m e ltin g  p o in t  o f th e  b u lk  sam ple. Such 
a  p ro cess  m ight be r e f le c te d  in  a  th e rm al h i s to r y  e f f e c t  
such th a t  (AT_)m i s  p ro p o r t io n a l  to A T * , where (flT_)m i s  
th e  maximum u n d erco o lin g  and AT+ i s  th e  amount o f h e a t in g  
o v e r th e  norm al m e ltin g  p o in t .  T u r n b u l l^  has c a lc u la te d  
7? '
T u rn b u ll, D ., J .  Chem. P h y s ., 18, 198(1950).
th e  f r e e  energy  o f  fo rm atio n  o f  an embryo in  c y l in d r ic a l  
and c o n ic a l c a v i t i e s ,  which in  p a r t ,  e x p la in s  th e  e f f e c t  
o f  th erm al h i s to r y  onA T_.
A nother e s p e c ia l ly  i n t e r e s t i n g  s e t  o f  ex p erim e n ts , 
and an e x te n s io n  o f  th e  th e o ry  f o r  th e  case  o f  n u c le a t io n  
o f  the  s o l id  phase in  a  l iq u id  m e lt c a ta ly se d  by su rfa c e  
f i lm s ,  h as been made by T u r n b u l l^ * 7 6 # jje m easured th e
75T u rn b u ll, D ., J .  A ppl. P h y s ., 21 , 1022(1950).
7^Turnbull, D. and Vonnegut, B .,  In d . Eng. Chem., 1292
(1952). ~
maximum su p e rc o o lin g  o f  l iq u id  m ercury d ro p le ts  which were 
coated  w ith  v a rio u s  su rfa c e  f i lm s .  T hese, a s  w e ll  a s  ex ­
perim en ts w ith  alumlnum77>78 an(j 0th e r  m eta ls79  have
7 7 E b o ra ll, M. D ., J .  I n s t .  M e ta ls , 7 6 , 321(19^9).
78C h ib u la , A ., J .  I n s t .  M e ta ls , 80, 1 (1951 ).
79'^R eyno ld s , J .  A. and T o t t l e ,  C. R . , J .  I n s t .  M e ta ls , 80
93(1951). ”
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r e s u l te d  in  a  th eo ry  o f  n u c le a t io n  c a ta ly s i s  based upon th e  
c ry s ta l lo g ra p h ic  s i m i l a r i t y  o f th e  c a t a ly s t  and m a te r ia l  
in v o lv ed . The tre a tm e n t i s  in  p a r t  based on th e  concep ts
O q
pu t forw ard by P rank and Van d e r  Merwe to  e x p la in  the
80  'P ran k , P. C. and Van d e r  Merwe, J .  H ., P ro c . Roy. S o c .,
(London), 19§A, 216(19^9).
fo rm atio n  o f o r ie n te d  m onolayers on c r y s t a l l i n e  s u b s t r a t e s .
The b a s ic  p o s tu la te  o f  th e  th e o ry  proposed by T u rn b u ll and 
76V onnegut1 i s  t h a t  th e  i n t e r f a c i a l  energy  betw een th e  n u c le ­
us and the  c a ta ly ic  s u r fa c e  e lem ent i s  a  minimum when th e  
n u c leu s  forms c o h e re n tly  w ith  th e  c a t a l y s t .  U sing t h i s
and th e  d i s lo c a t io n  model o f In te rp h a se  b o undaries  o f Van
81 82 d e r  Merwe and Brooks f o r  d e te rm in in g  th e  i n t e r f a c i a l
®%an d e r  Merwe, J .  H ., P roc . P h y s ., 63A, 616(1950).
82B rooks, H ., M etal I n t e r f a c e s , Am. Soc. M e ta ls , C leveland  
(1952).
en erg y , th ey  have d e riv e d  an e x p re ss io n  f o r  th e  c r i t i c a l  
f r e e  energy  f o r  he te rogeneous n u c le a t io n  o f  th e  form
AG* = 4ir<r3 (2 + m) ( i  -  m2 )/3(AG + ce2 )2 , ( 3 5 )
LS V
where m = cos 0 = (o^L -  ^ ^  i s  th e  non-
s t r u c tu r a l  component o f 0^ c and <x(<f -  e )  i s  th e  s t r u c t u r a l
component o f d^c , i s a  c o n s ta n t ,  S th e  d i s r e g i s t r y  betw een 
th e  nuc leus and th e  f i lm , and e th e  s t r a i n  in  th e  n u c le u s .
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The d i s r e g i s t r y  Is  d e fin e d  a s  n a /a 0 , w ith  a Q eq u a l to  th e
l a t t i c e  c o n s ta n t ,  and n a  th e  d i f f e r e n c e  In  th e  l a t t i c e
c o n s ta n ts  o f  th e  nu c leu s and th e  f i lm .
I f  a  re a so n a b le  v a lu e  o f  n u c le a t io n  i s  1 p e r  cm3 p e r
second , th en  E q u a tio n  (27) g iv e s  AG <=* 60kT. S e t t in gs
E q u atio n  (35) e q u a l to  t h i s  and making some o th e r  p la u s ib le  
assum ptions i t  i s  found t h a t  f o r  la rg e  S3
AG ^S
and
AG*a« l/< f. (36)
T hus, th e  po tency  o f  a  n u c le a t io n  c a t a l y s t  i s  in v e r s e ly  
p ro p o r t io n a l  to  th e  d i s r e g i s t r y  betw een th e  c r y s t a l  s t r u c tu r e  
o f th e  n u c le u s  and th e  c r y s t a l  s t r u c tu r e  o f  th e  c a t a l y s t .
The th e o ry  i s  g r e a t ly  s im p lif ie d  and th e  v a r io u s  
q u a n t i t i e s  invo lved  in  th e  e x p re s s io n  f o r  th e  f r e e  energy  
a re  l a r g e ly  unmeasured o r  unm easurab le , an d , a s  such , 
r e p r e s e n t ,  to  a  c e r t a in  e x te n t ,  a r b i t r a r y  c o n s ta n ts .  How­
e v e r ,  th e  th e o ry  e x p la in s ,  a t  l e a s t  q u a l i t a t i v e l y ,  many of 
th e  observed f e a tu r e s  o f h e te ro g en eo u s n u c le a t io n ,  c a ta ly se d  
by known su b s ta n c e s .
N u c le a tio n  th e o ry  has a ls o  been q u a l i t a t i v e l y  a p p lie d  
to  many problem s in  s o l id - s o l id  tra n s fo rm a tio n , how ever, 
a s  y e t  no q u a n t i t a t iv e  th e o ry  has been d eveloped . The 
rea so n  f o r  t h i s  I s  a  la c k  o f  q u a n t i t a t iv e  ex p e rim e n ta l
-8 8 -
d a ta  and th e  g r e a t  com plex ity  o f  th e  problem . Some re c e n t  
rev iew s have been made by S m o l u chowski® 3,84 and o thers® 5.
8^Smoluchowskl, R . , Phase T ransfo rm ations In  S o l id s ,  p . 149,
W iley, New York (1951).
82fSmoluchowskl, R .,  In d . Eng. Chem., 44, 1321(1952).
^ F i s h e r ,  J .  C ., Holloman, J .  H. and L eschen, J .  G ., In d .
Eng. Chem., 44, 1324(1952).
The sample used In  th e  experim ents to  be d e sc r ib e d  l a t e r  
was In  th e  form o f  sm all sp h e re s . I t  Is  th e re fo re  w orth ­
w h ile  to  n o te  th e  e f f e c t  o f  sample volume on th e  r a t e  o f 
n u c le a t io n . From E q u atio n  (31) f o r  homogeneous n u c le a t io n ,  
th e  r a t e  o f  n u c le a t io n  In  a  sample o f volume v w i l l  be
I v = i v .  ( 3 7 )
I f  th e  n u c le a t io n  i s  c a ta ly se d  by a  su rfa c e  f i lm  o r  o th e r  
s u rfa c e  d e f e c t ,  th e n
I„  = I 3V  (38)
C onsidering  th e  k in e t ic s  o f s o l i d i f i c a t i o n  o f a  sample
o f sm all sp h eres hav ing  a  range o f  d ia m e te rs , th e  fo llo w in g
86r e l a t i o n s  may be d e riv e d  . L et vD be th e  volume and a^ 
th e  su rfa c e  a re a  o f  a  d r o p le t  o f d iam e te r D, and Vp th e  
volume o f a l l  th e  d ro p le ts  w ith  d iam e te rs  ly in g  betw een 
D and D t  dD th a t  rem ain l iq u id  a t  tim e t .  A fu n c t io n  
y ( t )  may be d e f in e d ,
- 8 9 -
y ( t )  = ( l A ) ^ DVDdD, (39)
where V i s  th e  t o t a l  volume o f th e  s o l id  sam ple. A t t  = 0 ,
y (0 ) = ( l A ° ) ^ DVDdD, (40)
where V° i s  th e  volume o f  the  l iq u id  sam ple. I f  th e  volume 
r a t e  o f s o l i d i f i c a t i o n  i s  assumed to  fo llo w  th e  r a d io a c t iv e  
decay  law th e n ,
“dV c/dt = kcVD, (41)
where kp i s  the  r a t e  o f n u c le a t io n  of a  drop  o f  d iam e te r D. 
The t o t a l  r a t e  o f s o l i d i f i c a t i o n  i s
-d V j/d t  = f  kDVDdD. (42)
y0
I n te g r a t in g ,
VD = v g ex p (-k I>t ) ,  (43)
and,
V = / ~ vD(ex p (* kb t))d D . (43a)
From above, fo r  homogeneous n u c le a t io n ,
- 9 0 -
*D " IVD
and
J  V Q ( e x v ( - I v Dt ) 6 D .  
0
(**)
F or n u c le a t io n  c a ta ly se d  by a  su r fa c e  c o n d itio n ,
0
(45)
E x p e rim e n ta lly , y (0 ) = f(D ) and V = f ( t )  a re  m easu rab le , 
a t  v a r io u s  c o n s ta n t  te m p e ra tu re s . Comparing th e  e x p e r i ­
m en ta l d a ta  v i t h  E quations (44) and (45) above, i t  i s  
p o s s ib le  to  de te rm ine  i f  th e  s o l i d i f i c a t i o n  i s  dependent 
upon th e  volum e, o r  th e  su r fa c e  a re a  o f  th e  sam ple.
3*3 B: D ata and R e su lts  o f th e  S o l id i f i c a t i o n  S tu d ie s
The f i r s t  experim en t invo lved  d e c re a s in g  th e  tem per­
a tu r e  and o b se rv in g  th e  i n t e n s i t y  o f  th e  l i n e ,  and the  
te m p e ra tu re , a s  a  fu n c t io n  o f th e  tim e . F ig u re  33 I s  ® 
p lo t  o f  th e  d a ta  o f a  ty p ic a l  s o l i d i f i c a t i o n  ru n . The 
tem p era tu re  was n o rm ally  lowered by f i r s t  tu rn in g  o f f  th e  
d i f f u s io n  pump and a llo w in g  i t  to  coo l c o m p le te ly , th en  
c u t t in g  o f f  th e  power to  th e  h e a te r .  The p re s su re  in  th e  
system  ro se  to  a  few m icrons and th e  o i l  b a th  coo led  by 
r a d ia t io n  and c o n v ec tio n . The r a t e  o f c o o lin g  was q u i te  
re p ro d u c ib le . A f a s t e r  r a t e  o f c o o lin g  could  be o b ta in ed
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by b r in g in g  th e  p re s su re  up to  a tm ospheric  b e fo re  tu rn in g  
o f f  th e  h e a te r ,  and a  slow er r a t e ,  by le a v in g  th e  d i f f u s io n  
pump on w h ile  c o o lin g . The tem p era tu re  n o rm ally  dropped 
a t  a  r a t e  o f  ap p ro x im ate ly  f iv e  d eg rees  p e r  hour d u rin g  
th e  i n i t i a l  s ta g e s  and th re e  d eg rees  p e r  h o u r , d u rin g  th e  
l a t t e r  s ta g e s  o f th e  experim en t.
S e v e ra l f e a tu r e s  o f th e  curve a re  n o tew o rth y . F i r s t ,  
th e re  i s  decided  u n d e rc o o lin g  b e fo re  any a p p re c ia b le  
s o l i d i f i c a t i o n  ta k e s  p la c e . T h is tem p era tu re  i s  u s u a l ly  
r e p e a ta b le ,  b u t i s  dependent on th e  r a t e  a t  which th e  
tem p era tu re  i s  low ered , s lo w er r a t e s  o f c o o lin g  r e s u l t  
in  g r e a te r  u n d e rco o lin g  up to  a  p o in t ,  th e n  have no f u r th e r  
e f f e c t .  The most re p ro d u c ib le  d a ta  were tak en  w ith  r a t e s  
o f c o o lin g  o f  f iv e  d eg rees  p e r  hour o r l e s s .  F a s te r  r a t e s  
o f c o o lin g  r e s u l te d  in  a  l e s s e r  amount o f  u n d e rc o o lin g . The 
minimum u n d e rc o o lin g  observed was 1 .1 ° .  The e x a c t dependence 
of th e  u n d e rc o o lin g  as a  fu n c t io n  o f  th e  r a t e  o f  c o o lin g  
has n o t been d e te rm in ed . W ith th e  slow r a t e  o f  c o o lin g , 
th e  tem p era tu re  a t  which s o l i d i f i c a t i o n  s t a r t s  i s  r e ­
p e a ta b le  and e q u a l to  9 2 .3 °  ± 0 .2 °  C. D ata over a  con­
s id e ra b le  p e rio d  o f tim e i s  g iv en  in  T able I I I .
The amount o f  u n d e rc o o lin g  g iv e s  a  c lu e  to  th e  g e n e ra l  
n a tu re  o f th e  n u c le a t io n  p ro c e s s , t h a t  i s ,  w hether i t  i s  
homogeneous (th e rm a l f lu c tu a t io n s )  o r  h e te rogeneous (non- 
th e rm a l c a u se ) . In  an  e x te n s iv e  s tu d y  o f th e  su p e rc o o lin g
-9 3 -
Table I I I  
Summary o f U ndercooling  D ata
Date Maximum 
Temp.,Tm
Time a t  
Tm, Hours
4T+ A T_ Coolinj 
Time ,Mli
11-19-54* 97.92° C 0 .2 0 .25° 1 . 1° 30
11-24-54 98.95 16 1.25 5 .4 60
11-30-54 104.7 64 7 -0 0 5 .4 90
1 2 -  9 -5 4 98.40 27 0 .70 5 .6 300
1 -  8-55 97 .98 1 0 .2 8 3 .2 30
1 -  9-55 97.98 1 0 .2 8 3 .3 30
1-14-55 98.90 38 1 .2 0 3 .0 30
1-20-55 99.50 25 1 .6 0 2 .1 20
1-21-55 97.94 1 0.24 2 .2 25
1-28-55 97.85 1 0.15 3 .2 40
2 -  9-5 5 99.50 12 1 .8 0 1 .4 5
3-25-55 97.70 — ----------- 3.3 60
dT+ = Tem perature over th e  M elting  P o in t .  
4T_ = U ndercoo ling .
C ooling tim e = Time from M.P. to  s t a r t  o f 
F i r s t  M eltin g .
s o l i d i f i c a t i o n
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o f l iq u id  m eta l d r o p le t s ,  T u rn b u ll and Ceck87 found th a t
87T u rn b u ll , D. and Ceck, R. E . ,  J .  A ppl. P h y s ., 21 , 804
(1950).
f o r  most m eta ls  t e s t e d ,  (4 T_)m, th e  maximum u n d erco o lin g  
was o f  th e  o rd e r  o f 0 .1 8  T0 , where T0 i s  th e  a b so lu te  
m e ltin g  tem p era tu re . T h e ir  s tu d y  was c a r r ie d  ou t u s in g  
v is u a l  o b se rv a tio n  o f sm a ll d ro p le ts  o f th e  m eta l on a 
vacuum s ta g e  o f  a  m icroscope. The d r o p le ts  were f i r s t  
m elted  and th en  cooled slow ly  u n t i l  a  la rg e  number s o l i d i ­
f i e d .  I t  was observed t h a t  a  g r e a t  m a jo r ity  o f th e  d ro p ­
l e t s  f ro z e  in  a  narrow  tem p era tu re  range abou t (AT_)m, 
when ca re  was tak en  to  use  m o d era te ly  pure  m a te r ia ls  and 
to  exclude  su r fa c e  f i lm s .  M etals s tu d ie d  in e lu d ed  t i n ,  
b ism u th , le a d , an tim ony, aluminum, s i l v e r ,  g o ld , copper, 
m anganese, n ic k e l ,  c o b a l t ,  i ro n  and p a llad iu m . On t h i s  
b a s is  and assum ing th a t  t h i s  u n d e rc o o lin g  r e p re s e n ts  th e  
maximum p o s s ib le  because o f  th e  o n se t o f  homogeneous 
n u c le a t io n ,  sodium in  th e  form o f  sm all d r o p le ts  should  
u n d erco o l abou t 6 0° b e fo re  a p p re c ia b le  s o l i d i f i c a t i o n  
ta k e s  p la c e . In  th e  p re s e n t  experim en ts such i s  n o t th e  
e a s e , and th e re fo re  one i s  led  to  th e  c o n c lu s io n  t h a t  th e  
n u c le a t io n  i s  h e te ro g en e o u s .
F u r th e r  ev idence  o f  th e  h e te rogeneous n a tu re  o f  th e  
n u c le a t io n  p ro cess  s tu d ie d ,  stem s from th e  work o f  T u rn b u ll 
and Vonnegut88  on n u c le a t io n  c a t a l y s t s .  F o llow ing  a  s e r i e s
-9 5 -
QQ
T u rn b u ll , D. and V onnegut, B .,  In d . Eng. Chem., 44 , 1292
(1952).
o f  experim en ts on th e  e f f e c t s  o f  v a rio u s  su b s tan ces  on th e  
maximum u n d e rco o lin g  o f  ice®9 In  which s i l v e r  Io d id e  was
V o n n e g u t ,  B . ,  J .  A ppl. P h y s .,  18, 593(194?).
found to  be th e  m ost e f f e c t iv e  In  low ering  (AT_), th ey  
proposed th e  th e o ry  o u tl in e d  In  S e c tio n  3*3 A. F u r th e r  
experim en ts by T u rn b u ll9® on m ercury d ro p le ts  coated  w ith
9°T u rn b u ll , D ., J .  Chem. P h y s ., 20 , 411(1952).
v a rio u s  compounds o f  m ercury in c lu d in g  m ercury s u l f i d e ,  
m ercury a c e ta t e ,  m ercury io d id e , m ercury s t e a r a te  and 
m ercury l a u r a t e ,  in d ic a te d  a  wide range o f po tency  o f 
c a t a l y s t s .  F o r exam ple, f o r  an  unknown su b s tan ce  c a l le d  
BgX, 4 T -  was th re e  d e g re e s , w h ile  f o r  m ercury l a u r a t e ,  4 T , 
was 7 ? ° . U n fo r tu n a te ly , th e  c r y s t a l  s t r u c tu r e  o f  most o f  
th e  su b s ta n c es  used in  b o th  V onnegu t's  and T u rn b u ll 's  work 
was n o t known. However, s i l v e r  io d id e , used in  th e  ic e  
ex p erim e n ts , v e ry  c lo s e ly  resem bles ic e  in  i t s  c r y s t a l  
s t r u c tu r e .
In  th e  p r e p a ra t io n  o f th e  d isp e rse d  sodium sample 
a  l im ite d  amount o f a i r  was in tro d u ced  In to  th e  o i l  by th e  
u l t r a s o n ic  a g i t a t i o n .  S ince sodium i s  v e ry  r e a c t iv e ,  i t  i s  
p robab le  t h a t  th e  sodium Im m ediately  to o k  up th e  oxygen
- 9 6 -
and w a te r vapor in  th e  a i r  to  form  Na20 , Na2 02 and NaOH.
In  th e  ev en t o f an  excess o f  oxygen, th e  r e a c t io n  would 
co n tin u e  w ith  th e  p ro d u c tio n  o f Na202 which i s  s t a b le  in  
d ry  a i r ^ l .  in  th e  p resence  o f  w a te r  vapo r th e  r e a c t io n
^ s e e  f o r  exam ple, M e l lo r ^  Modern In o rg a n ic  C hem istry ,
Longmon’s ,  Green and C o ., New Y ork(1939)•
would co n tin u e  to  form  sodium h y d ro x id e . O ther im p u r i t ie s
a re  p re s e n t  on ly  to  th e  e x te n t  o f one p a r t  in  2 5 , 0 0 0 , and
th e r e f o re  would n o t seem to  be im p o rta n t. The s t r u c tu r e
o
o f  sodium i s  b o d y -cen tered  cub ic  w ith  a 0 = 4 .282 A. The 
s t r u c tu r e  o f  Na^O was determ ined by  H flttlg  and B r a d k a r b ^ 2
<32 ** ”  ' ’ "™ ~
? H iittig  and B radkarb , Z e i t .  f .  Anorg. Chem., 161, 2 5 6 ( 1 9 2 7 ) .
and l i s t e d  by W y ck o ff^ . T h is  oxide has a  f l u o r i t e  a rra n g e  -
^^W yckoff, r . w. G ., C ry s ta l  s t r u c t u r e s , I n te r s c ie n c e ,  New
Y ork(1951).
ment w ith  an  oxygen atom a t  th e  c e n te r  o f a  cube formed
by e ig h t  sodium atom s. Each sodium atom h as abou t i t  a
te tr a h e d ro n  o f  oxygen a tom s. The arrangem ent i s  v e ry
o
n e a r ly  bo d y -cen tered  cub ic  w ith  a 0 e q u a l to  5 .5 5  A. There 
a re  fo u r  m olecu les p e r  u n i t  c e l l .  The m e ltin g  p o in t  i s  
800° C.
The s t r u c tu r e  o f  Ra202 i s  a ls o  l i s t e d  by W yckoff.
I t s  m e ltin g  p o in t  i s  460° C. I t  has a  te t r a g o n a l  symmetry
- 9 7 -
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w ith  a 0 -  6 .65  A, and c0 = 9-91 A, w ith  e ig h t  m olecu les
p e r  u n i t  c e l l .  Each sodium atom has e ig h t  e q u id is ta n t  
n e ighbo rs  a t  th e  c e n te rs  o f th e  su rround ing  cubes and s ix  
o th e rs  s l i g h t l y  f a r t h e r  away. T his g iv es  a  s p l i t  c o o rd i­
n a t io n  o f 14, which i s  n o t v e ry  d i f f e r e n t  from  th e  1 2 - fo ld  
c o o rd in a tio n  o f  th e  hexagonal c lo se  packed and cub ic  
a rran g em en ts . The sodium atoms a re  lo c a te d  a t  000 and 
Thus, on th e  b a s is  t h a t  im p u r i t ie s  w ith  c r y s t a l  s t r u c tu r e s  
v e ry  s im ila r  to  th e  s o l id  phase o f sodium make good c a ta ­
l y s t s ,  bo th  NagO and Na20g should  be good c a t a l y s t s .
Sodium hydrox ide  a ls o  has an i n te r e s t i n g  s t r u c tu r e .
I t  has what m ight be c a lle d  a  th a l lo u s  io d id e  s t r u c tu r e  
w ith  o rthorhom bic symmetry. The orthorhom bic s t r u c tu r e  
i s  s ta b le  in  th e  tem p era tu re  range used in  th e  ex p erim en ts , 
b u t b reak s down a t  h ig h e r  te m p e ra tu re s . I t s  m e ltin g  p o in t
i s  319° C. The u n i t  c e l l  i s  e lo n g a te d  w ith  a Q = cQ = 3*40 2. 
o
and bG = 11.32 A. T here a re  fo u r  m olecu les p e r  u n i t  c e l l .  
The Na-Na in te ra to m ic  d is ta n c e  in  th e  la y e r s  i s  3*40 £ ,  
and betw een la y e r s  in  th e  s t r u c tu r e  i s  3*99 Thus, t h i s  
compound, to o ,  should  make a  p o te n t c a t a l y s t  f o r  th e  
s o l i d i f i c a t i o n  o f sodium .
The p resen ce  o f  th e  ox ides and th e  hydrox ide  in  
q u a n t i t ie s  s u f f i c i e n t  to  n u c le a te  th e  t r a n s i t i o n  should 
be d e te c ta b le  w ith  x - ra y  d i f f r a c t i o n  te c h n iq u e s . F ig u re  34 
shows th e  x - r a y  d i f f r a c t i o n  p a t te r n  o f th e  sample tak en
w ith  a  D ebye-S cherrer camera o f r a d iu s  such th a t  1 mm on
FIGURE 3^ . X-RAY DIFFRACTION PATTERN OF THE SAMPLE.
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th e  f i lm  co rresponds to  20 eq u a l to  1 ° . Table IV l i s t s  
th e  d i f f r a c t i o n  l in e s  seen  as w e ll  as t h e i r  i d e n t i f i c a t i o n .  
A ll  l in e s  a re  accounted  f o r ,  and a l l  th e  l in e s  o f  NagO 
and NaoH expected  in  th e  range o f  20 to  85° a re  p re s e n t .  
Thus in  a d d it io n  to  th e  sodium , sodium monoxide and sodium 
hydroxide a re  p re s e n t .
The d i f f r a c t i o n  l in e s  o f sodium ap p ea r as v e ry  narrow  
s t r e a k s  on th e  f i lm . The s t r e a k s  a re  a c tu a l ly  d o u b le ts  
which re s o lv e  th e  Cu and Cu JWg l i n e s .  The v e ry  
narrow  d i f f r a c t i o n  w id ths ap p ea r to  be due to  th e  f a c t  
th a t  th e  d i f f r a c t i n g  p a r t i c l e s  a re  very  p e r f e c t  t in y  
s in g le  c r y s ta l s  o f  sodium . The v a rio u s  i n t e n s i t i e s  o f 
th e  s t r e a k s  r e s u l t  from  th e  v a rio u s  p a r t i c l e  s iz e s  p r e s e n t ,  
b u t no a ttem p t has been made to  m easure th e  i n t e n s i t i e s  o f 
th e  s t r e a k s  f o r  th e  purpose o f  e s t im a tin g  th e  p a r t i c l e  
s iz e  d i s t r i b u t i o n .
The p resen ce  o f  NagO and NaOH i s  th e re fo re  w e ll  
e s ta b l is h e d ,  so t h a t  i t  may be concluded th a t  h e te rogeneous 
n u c le a t io n  c a ta ly se d  by one o r  b o th  o f th e s e  compounds 
i s  th e  mechanism by which th e  sample s o l i d i f i e s .  I t  i s  
n o t known w ith  c e r t a in ty  which o f  th e se  compounds would 
be th e  b e t t e r  c a t a l y s t .  Prom th e  in te ra to m ic  sp ac ln g s 
l i s t e d  e a r l i e r ,  i t  would ap p ea r t h a t  NaOH would be th e  most 
p o te n t c a t a ly s t  because th e  d i s r e g i s t r y  betw een i t  and 
sodium i s  l e s s  th an  th a t  betw een Na^O and sodium . In
-1 0 0 -
Table IV
Complete Powder D if f r a c t io n  P a t te r n  o f  th e  Sodium Sample
Number 29 I d e n t i f i c a t i o n
1 2 5 .5 ° Im p u rity  in  Be
2 27-5 Na20
31, 29 .5 Na (110)4 31.5 NaOH and Na20
5 3 7 .° Im p u rity  in  Be
6 / 38.5 NaOH
7 42 .2 Na (200)
8 44.5 NaOH
9 46.5 Be and Na2010 47-5 NaOHl i 5 0 .0 Be
12 5 2 .0 Na (211)
13 52 .5 Be14 53-8 NaOH
5 6 .0 NaOH
16 5 8 .0 Na20
17 6 1 .0 Na (220)
18 6 3 .O NaOH
19 6 8 .0 Na20
20 6 9 .0 Na (310)
21 7 1 .0 Be
22 74 .5 Na20
23 84.5 Be
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f a c t  I f  th e  e f f e c t  o f  th e  d i s r e g i s t r y  i s  a s  p re d ic te d  by 
T u rn b u ll and V onnegut, th e n  NaOH should  be abou t fo u r  and 
a  h a l f  tim es a s  a c t iv e  as Na^O, so th a t  th e  e f f e c t iv e  
c a t a l y s t  i s  NaOH. T h is however assumes t h a t  NaOH i s  p re s e n t  
in  s u f f i c i e n t  q u a n t i ty  on each  d ro p le t  to  n u c le a te  the  
s o l id  p h ase . Prom th e  manner o f p re p a ra t io n  o f th e  sample 
th e re  i s  no re a so n  to  b e lie v e  t h a t  th e  NaOH and Ka20 w i l l  
be d i s t r ib u te d  in  any p re fe r re d  way over th e  d r o p le t s .
The amount o f each  on th e  d r o p le ts  should be p ro p o r t io n a l  
o n ly  to  th e  t o t a l  number o f  su rfa c e  atom s. The c r i t i c a l  
s iz e  o f  th e  n u c le u s  i s  o f  th e  o rd e r  o f  100  m olecu les f o r  
w ater94  and o f  th e  same o rd e r  o f m agnitude f o r  po tassium
^ R o d eb u sh , N. H . ,  In d . Eng. Chem., 4 4 ,  1 2 8 9 (1 9 5 2 ) .
c h lo r id e 9 5 .  s in c e  a  cube o f 125 m olecu les has o n ly  f iv e
95preck sh ot, G. W. and Brown, G. G ., In d . Eng. Chem., 44,
1 3 1 M 1 9 5 2 ) .
m olecu les on a  s id e ,  a  c a t a l y s t  o f  f iv e  m olecu les should  
be s u f f i c i e n t  to  n u c le a te  th e  t r a n s i t i o n .  I t  i s  th e re fo re  
rea so n a b le  to  assume th a t  th e re  a re  enough NaOH m olecu les 
on each  d r o p le t  to  form  a t  l e a s t  one sm a ll c r y s t a l  and 
n u c le a te  th e  d r o p le t .  Hence, th e  e n t i r e  t r a n s i t i o n  can 
be a sc r ib e d  to  h e te ro g en eo u s n u c le a t io n  by th e  NaOH.
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A second f e a tu r e  o f F ig u re  33 i s  th e  f a c t  t h a t  s o l i d i ­
f i c a t i o n  ta k e s  p lac e  over a  v e ry  wide range o f  tem p era tu re  -  
abou t 50°. T u rn b u ll in  t h i s  work on m ercury d r o p l e t s ^
^ T u r n b u l l , D ., J .  Chem. P h y s ., 20 , 411(1952).
re p o r te d  a range o f  2°  to  4 ° , w ith  u n d e rco o lin g  ran g in g  
from 3°  to  7 7 °• The tem p era tu re  was lowered a t  a  r a t e  o f 
abou t 1° p e r m in u te . The d r o p le t  s iz e  was 10 to  50 m icro n s, 
and th e  iso th e rm a l s o l i d i f i c a t i o n  was observed to  fo llo w  
th e  th e o ry  f o r  he te rogeneous n u c le a t io n  o u tlin e d  p re v io u s ly . 
A s e r ie s  o f experim en ts by Pound and LaMer^? on th e
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Pound, G. M. and LaMer, V. K ., J .  Chem. P h y s ., 74 , 2323
(1952).
s o l i d i f i c a t i o n  k in e t ic s  o f  l iq u id  t i n  re v e a le d  f u r th e r  
c o m p lic a tio n s . They used d r o p le ts  ran g in g  in  s iz e  from 
2 .5  to  5 m icrons coated  w ith  t i n  o x id e , and observed  a 
range o f s o l i d i f i c a t i o n  g r e a te r  th a n  10° a t  a  su p e rco o lin g  
o f 120°. I t  was no ted  a ls o  in  t h i s  s e r i e s  t h a t ,  a t  a  
g iven  te m p e ra tu re , th e  iso th e rm a l r a t e  o f  s o l i d i f i c a t i o n  
was v e ry  dependent on d ro p le t  s i z e .  A ccording to  n u c le a t io n  
th e o ry , i f  n u c le a t io n  i s  c a ta ly s e d  by su rfa c e  c o a tin g s  th e  
iso th e rm a l r a t e  o f n u c le a t io n  should  v a ry  as th e  square  
o f th e  d ro p le t  r a d iu s .  I f  th e  n u c le a t io n  i s  c a ta ly se d  by 
volume In c lu s io n s , th e  r a t e  should be p ro p o r t io n a l  to  th e
cube o f  th e  r a d iu s .  The e x p e rim e n ta l v a r i a t i o n 97 was much
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g r e a te r  th a n  e i t h e r  o f th e se  fu n c t io n s .  T h e ir  experim en ts 
v e re  conducted w ith  sam ples hav ing  p a r t i c l e  s iz e  ran g es 
from  2 .5  to  5 m ic ro n s, from  5 to  7 m ic ro n s, from  6 to  10  
m icrons and from 9 to  13 m icrons. A f u r th e r  d i f f e r e n c e  
be tv een  th e  r e s u l t s  o f T u rn b u ll and Pound and LaMer I s  
t h a t  where T u rn b u ll 's  d a ta  v e re  ex p la in ed  by a  s in g le  
v a lu e  o f 4 6 * , no such assum ption  could be made In  th e  
l a t t e r  in s ta n c e . In  o rd e r  to  e x p la in  t h e i r  d a ta ,  Pound 
and LaMer f i r s t  p o s tu la te d  a  method o f  n u c le a t io n  In  which 
th e  nu c leu s In  th e  l iq u id  formed around a s p h e r ic a l  fo re ig n  
core  ( th e  c a t a l y s t ) .  T h is r e s u l te d  In  a  tem p era tu re  i n ­
dependent f r e e  en e rg y , o f  v a lu e  somewhat l e s s  th a n  th e  
f r e e  energy  f o r  homogeneous n u c le a t io n .  To e x p la in  th e  
shape o f th e  iso th e rm a l s o l i d i f i c a t i o n  c u rv e s , th ey  p o s tu ­
la te d  a P o lsson  d i s t r i b u t i o n  o f  Im p u r it ie s  among th e  t i n  
d ro p le ts  a cc o rd in g  to  th e  volume, and to  th e  su r fa c e  a re a  
o f th e  d r o p le t s .  T h is e s ta b l is h e d  t h a t  th e  r a t e  o f  n u c le ­
a t io n  was p ro p o r t io n a l  to  th e  su r fa c e  a re a  and n o t th e  
volume o f th e  d r o p le t s .  I t  was f u r th e r  n e c e ssa ry  to  p o s tu ­
l a t e  th e  e x is te n c e  o f more th an  one c a ta ly z in g  agency , in  
o rd e r  to  e x p la in  th e  Iso th e rm a l s o l i d i f i c a t i o n  c u rv e s .
Both T u rn b u ll and Found and LaMer used a  d 1 1 a to m etrie  
method to  d e te rm in e  th e  p e rc e n t o f  th e  sample which had 
s o l i d i f i e d .
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In  o rd e r  to  o b ta in  more In fo rm a tio n  abou t th e  k in e t ic s  
o f  s o l i d i f i c a t i o n  o f  sodium d r o p le t s ,  th e  Iso th e rm a l s o l i d i ­
f i c a t i o n  curves a t  s e v e r a l  tem p era tu re s  v e re  tak e n  by th e  
a u th o r . F o r th e  f i r s t  ru n , th e  sample was b rough t q u ic k ly  
to  a  tem p era tu re  o f 9 6 .6 °  C from  s e v e ra l  deg rees above th e  
m e ltin g  p o in t .  Two p e rc e n t o f  th e  sample s o l i d i f i e d  v h l le  
th e  tem p era tu re  was d ro p p in g , b u t no f u r th e r  s o l i d i f i c a t i o n  
took  p la c e  In  J2 h o u rs . The sample vas th e n  tak en  to  a  
tem p era tu re  2° over th e  m e ltin g  p o in t  and "quenched" to  a  
tem p era tu re  o f 94 .0 °  C. I t  vas a c tu a l ly  a  s lo v  quench, 
ta k in g  abou t e ig h t  m in u te s . The r e s u l t s  o f  t h i s  run  a re  
p lo t te d  in  F ig u re  35* A f te r  abou t 16 h ou rs th e  t r a n s ­
fo rm a tio n  c e a se d , and no f u r th e r  s o l i d i f i c a t i o n  to o k  p lac e  
in  th e  n ex t 32 h o u rs . The sample vas 56  p e rc e n t s o l i d i ­
f i e d .  The tem p era tu re  vas q u ic k ly  dropped to  8 9 .1 °  C and 
a f t e r  abou t 10 m in u te s , no f u r th e r  s o l i d i f i c a t i o n  took  
p la c e . The t o t a l  tim e a t  t h i s  tem p era tu re  vas a g a in  48 
hours and th e  sample 81 p e rc e n t s o l i d i f i e d .  The tem p era tu re  
vas a g a in  d ropped , t h i s  tim e to  8 5 .1 °  C. A f te r  t h i s  tem per­
a tu re  vas re a c h e d , th e re  vas no change in  th e  s o l id  c o n te n t 
f o r  48 h o u rs . The sample vas 90 p e rc e n t s o l i d i f i e d .  The 
sample th en  vas co m p le te ly  s o l i d i f i e d .  I t  i s  no ted  th a t  
f o r  each  te m p e ra tu re , th e  tra n s fo rm a tio n  e v e n tu a l ly  ceased . 
Comparing d a ta  v i t h  th o se  o f T u rn b u ll and Pound and LaMer,
I t  i s  to  be no ted  th a t  th e  range o f  s o l i d i f i c a t i o n  found by
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Pound and LaMer was ab o u t 10° f o r  p a r t i c l e  s iz e s  2 .5  to  5 
m ic ro n s, and th e  range o f  s o l i d i f i c a t i o n  found by t h i s  
a u th o r  was abou t 50°  f o r  p a r t i c l e  s iz e s  l e s s  th an  2 
m icrons. Thus, i t  seems to  be t h a t  th e  wide range o f 
s o l i d i f i c a t i o n  observed h e re  i s  due to  th e  sm a ll p a r t i c l e  
s iz e  o f  th e  sam ple.
From th e  s ta n d p o in t  o f  n u c le a t io n  th e o ry , i t  i s  con­
s id e re d  th a t  a t  a  g iv en  te m p e ra tu re , th e re  i s  a  c e r t a in  
d i s t r i b u t i o n  o f em bryos, c h a ra c te r iz e d  by an  average  s iz e  
and d i s t r i b u t i o n  o f  s i z e s .  B asic  n u c le a t io n  th e o ry  p re ­
d i c t s  t h a t  on ly  over a  v e ry  narrow  range o f tem p era tu re s  
(3 to  5° C) w i l l  th e  r a t e  o f n u c le a t io n  be m easu rab le .
Above th e  maximum tem p era tu re  i t  w i l l  be too  slow , and 
below th e  minimum tem p era tu re  i t  w i l l  be too  f a s t  to  be 
m easured. Two a l t e r n a t iv e s  su g g e s t them selves to  e x p la in  
th e  v e ry  broad  range o f  tem p era tu re s  over which th e  t r a n s f o r ­
m ation  observed h e re  ta k e s  p la c e . One o f  th e se  may be t h a t  
th e  d i s t r i b u t i o n  o f  embryo s iz e s  i s  v e ry  broad and f l a t  
and e s s e n t i a l l y  tem p era tu re  in d ep en d en t. Then, a s th e  
tem p era tu re  i s  lo w ered , o n ly  a  l im ite d  number o f embryos 
become n u c le i  f o r  th e  tra n s fo rm a tio n . I t  i s  d i f f i c u l t  to  
im agine t h i s  mechanism, s in c e  one o f  th e  b a s ic  p o s tu la te s  
o f n u c le a t io n  th e o ry  i s  t h a t  embryos a re  formed by th e  
a d d i t io n  o f m olecu les which move in to  fa v o ra b le  p o s i t io n  
by th erm al f l u c tu a t io n s .  I t  i s  th e r e f o re  a lm ost im p era tiv e
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that the number of molecules, hence the size, of the 
embryo be temperature dependent.
The other alternative is to assume that the critical 
size of the embryo is in some way dependent on the temper­
ature. This dependence may be implicit or explicit. An 
example of implicit dependence would be a dependence of 
the critical size of the embryo on the volume of the 
particle. In this case successively smaller particles 
would solidify as the temperature is lowered. A some­
what similar situation would be that of several catalysts 
present in limited amounts with various potencies. Part 
of the sample would be solidified at a certain temperature 
by the action of the most potent catalyst. The tempera­
ture would then have to be lowered so that the less potent 
catalysts may become effective.
The method of sample preparation of Turnbull, of Pound 
and LaMer, and of the author of the experiments described 
here insured an excess of the coating material so that all 
particles can be presumed to be thoroughly covered. It 
therefore seems likely that the wide range of solidification 
and the non-Isothermal character of the transition is a 
particle size effect.
In view of the unusual occurrences noted above, it 
seemed worthwhile to examine some of the other character­
istics of the transformation. The path of the transformation
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betw een th e  second and th i r d  runs and betw een the  th i r d  
and fo u r th  rim s p re v io u s ly  d e sc rib e d  had been re c o rd e d . 
F ig u re  36  shows th e  p e rc e n t s o l id  as a  fu n c t io n  o f tim e 
w h ile  th e  tem p era tu re  was b e in g  lowered from 94 .0 °  to  
8 9 .1 ° ,  a f t e r  be ing  h e ld  a t  9 4 .0 °  f o r  48 h o u rs . There i s  
a  marked la g  in  th e  tra n s fo rm a tio n  as th e  tem p era tu re  i s  
low ered . The same b eh av io r was observed when th e  tem pera­
tu re  was lowered from 8 9 . 1° to  8 5 . 1° ,  a f t e r  be ing  h e ld  a t  
8 9 . I 0 f o r  48 h o u rs . T his e f f e c t  m ight be c a l le d  " s t a b i ­
l i z a t i o n "  o f th e  system , a  term  which has been  found u se -
98f u l  in  o th e r  case s  .
Q8Cohen, M ., Phase T ran sfo rm atio n s  in  S o l id s , C hapt. 17, 
W iley , New York(1951)»
It is of some interest to consider the points A and B 
in Figure 33* The leveling-off of intensity was observed 
in all the solidification runs. These, however, are very 
small effects and, if real, would bear more careful 
scrutiny than given in this work. They might be correlated 
with effects of particle size distribution, stabilization or 
the action of the various catalyzers.
A further experiment was planned in an attempt to 
observe reversibility in the transformation. Table V 
shows the procedure for this run which lasted several days. 
Figure 37 shows the x-ray intensity as a function of temper­
ature for this experiment. The stabilization noted in
o
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T able V
Procedure  f o r  Run Showing R e v e rsa l o f th e  T ran sfo rm atio n  
S tep  Remarks
1 . Sample M elted .
2 . T em perature low ered to  8 6 .3 °  C in  s ix  hours and he ld  
f o r  n ine  h o u rs . P o in t A on Curve.
3 . T em perature low ered to  75*4° in  two hours and to  
7 5 .2 °  in  th e  n e x t f iv e  h o u rs . P o in t B.
4 . T em perature r a is e d  to  7 6 .7 °  in  one hour and h e ld  
two and o n e -h a lf  h o u rs . P o in t C.
5* T em perature r a is e d  to  7 8 .5 °  in  th re e  h o u rs .
P o in t  D.
6 . T em perature r a i s e d  to  79*7° in  th re e  h ou rs and 
h e ld  f o r  27 h o u rs . P o in t E.
7 . T em perature r a is e d  to  83*0° and h e ld  f o r  74 h o u rs . 
P o in t  F .
8 . T em perature low ered to  7 4 .3 °  over a  p e rio d  o f 24 
h o u rs . P o in t H. There was no change in  th e  x - r a y  
i n t e n s i t y  u n t i l  P o in t G was reach ed .
9* H e a te r  o f f ,  sample cooled  to  room te m p e ra tu re .
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earlier experiments is seen here at point A. The dashed 
curve shows the data of Figure 33 plotted as a function 
of temperature. There is positive evidence of a reversal 
in the transformation, though it is vith considerable 
hysteresis and apparently vith a maximum amount of reversl- 
bility. The rate of change of temperature doubtless 
effects the form of this curve.
Following this experiment a series of runs was made 
to check the above. The temperature was lowered until a 
certain x-ray counting-rate was reached and then raised 
slowly until the sample remelted.
F o r the  f i r s t  " lo o p ” , th e  tem p era tu re  was low ered to  
90 .8 °  C. T h ir te e n  p e rc e n t o f th e  sample s o l i d i f i e d  and 
rem ained s o l id  u n t i l  th e  m e ltin g  p o in t  was reach ed . For
th e  second lo o p , th e  tem p era tu re  was lowered to  8 0 .5 °  C.
T h ir ty -o n e  p e rc e n t o f  th e  sample s o l i d i f i e d ,  and a s  th e  
tem p era tu re  r o s e ,  a n o th e r  4 p e rc e n t o f  th e  sample s o l i d i ­
f i e d ,  and rem ained s o l id  u n t i l  th e  sample m elted  a g a in .
The tem p era tu re  was reduced  to  75*0° C f o r  th e  th i r d  lo o p , 
and 57  p e rc e n t o f th e  sample s o l i d i f i e d .  As th e  tem per­
a tu r e  r o s e ,  a n o th e r  4 p e rc e n t o f  th e  sample s o l i d i f i e d  and 
rem ained s o l id  u n t i l  th e  m e ltin g  p o in t  was rea ch e d . Thus,
in  th e se  th re e  c a s e s , no r e v e r s i b i l i t y  was o b served . In
th e  fo u r th  c a s e , how ever, r e v e r s i b i l i t y  was o b se rv ed . F o r 
t h i s  lo o p , th e  tem p era tu re  was low ered to  7 2 .0  C and
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77 p e rc e n t o f  th e  sam ple s o l i d i f i e d .  As th e  tem p era tu re  
r o s e ,  how ever, 16 p e rc e n t o f th e  sample " re m e lte d " . The 
rem ain ing  61  p e rc e n t rem ained s o l id  u n t i l  th e  m e ltin g  
tem p era tu re  was rea ch e d . F ig u re s  37A and 37B show th e  
d a ta  f o r  th e  th i r d  and fo u r th  lo o p s .
Loops th re e  and fo u r  were rep e a te d  a 3 a  check. The 
tem p era tu re  was low ered to  8 4 .9 °  C and 60 p e rc e n t o f th e  
sample s o l i d i f i e d .  No f u r th e r  s o l i d i f i c a t i o n  to o k  p lace  
as th e  tem p era tu re  was ra is e d  to  th e  m e ltin g  p o in t .  For 
th e  n e x t lo o p , th e  tem p era tu re  was lowered to  7 4 .0 °  C and 
80 p e rc e n t o f th e  sample s o l i d i f i e d .  When th e  tem p era tu re  
was r a i s e d ,  e ig h t  p e rc e n t o f th e  sample rem e lte d .
The r e v e r s a l  ap p ea rs  to  have a  c r i t i c a l  p o in t  below 
which i t  does n o t o c c u r , and below which i t  cannot be 
fo rced  when app roach ing  from above. T his was borne ou t 
by th e  sev en th  lo o p . In  t h i s  c a se , th e  tem p era tu re  was 
f i r s t  lowered to  7 7 *5 °  C and 80  p e rc e n t o f  th e  sample 
s o l i d i f i e d .  The tem p era tu re  was th e n  ra is e d  to  93*7° C and 
he ld  f o r  145 h o u rs . The s o l id  c o n te n t d ecreased  to  abou t 
70  p e rc e n t and a f t e r  abou t 65 hou rs began to  r i s e  a g a in .
In  th e  n ex t 80 hours th e  s o l id  c o n te n t ro se  to  84 p e rc e n t. 
F ig u re  38  shows th e  d a ta  f o r  t h i s  ex p erim en t. Thus th e  
tra n s fo rm a tio n  i s  n o t r e v e r s ib le  over th e  e n t i r e  range o f 
tem p era tu re  and s o l id  c o n te n t. The c r i t i c a l  p o in t  appears  
to  be betw een 60 and 70 p e rc e n t. The h ig h e s t  tem p era tu re
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a t  which r e v e r s i b i l i t y  ta k e s  p la c e  i s  obscure  and depends 
on th e  tem p era tu re  a t  which s o l i d i f i c a t i o n  s t a r t s .
The sev en th  loop  a ls o  showed th a t  in  th e  re g io n  o f 
r e v e r s i b i l i t y  i f  th e  tem p era tu re  i s  r a is e d  and he ld  a t  a 
h ig h e r  p o in t ,  th e  t ra n s fo rm a tio n  e v e n tu a l ly  proceeds 
ls o th e rm a lly  a t  a  slow r a t e .  T h is s e r i e s  com pleted th e  
experim en ts on th e  l iq u id - s o l id  t ra n s fo rm a tio n  o f th e  
sodium sam ple.
IV A MECHANISM FOR HETEROGENEOUS NUCLEATION 
OF VERY SMALL SODIUM DROPLETS
The ex p erim en ta l ev idence  p re se n te d  above in d ic a te s  
th a t  th e  e x p re ss io n  p re v io u s ly  g iv en  (E quation  (1 7 )) f o r  
th e  f r e e  energy  o f  a c t iv a t io n  o f th e  n u c le a t io n  p ro cess  
must be m odified  f o r  th e  case  o f  v e ry  sm a ll d r o p le t s .  The 
a c t iv a t io n  energy  f o r  th e  n u c le a t io n  p ro c e ss  i s  th e  d i f f e r ­
ence betw een th e  f r e e  energy  o f th e  b u lk  l iq u id  and th e  
f r e e  energy  o f th e  l iq u id  p lu s  th e  n u c le u s . In  th e  p rev io u s 
d e r iv a t io n  o f t h i s  te rm , th e  f r e e  energy  o f  th e  l iq u id  was 
tak en  a s  n^f^ where n ^  i s  th e  number o f  l iq u id  atoms and 
f^  th e  f r e e  energy  p e r  atom in  th e  l iq u id  s t a t e .  In  the  
case  o f  v e ry  sm a ll p a r t i c l e s ,  i t  i s  n e c e ssa ry  to  c o n s id e r  
the  e f f e c t  o f  th e  su rfa c e  energy  on th e  energy  o f th e  
l iq u id .  The change in  f r e e  energy  in  th e  p ro cess  o f  form ing 
sm all d ro p le ts  from th e  b u lk  l iq u id  can be d e riv e d  as 
fo llo w s . F o r a  s p h e r ic a l  d rop  o f  r a d iu s  R, th e  volume
- 118-
l s  ( 4 / 3 ) ttr3 .  j f  n  I s  th e  number o f atoms in  th e  d rop  and 
v th e  atom ic volume th e n ,
nv = (V3)*R3 , (46)
and
dn = (4?rR2/v )d R ,
b u t 4'iTR2 = s ,  th e  s u r fa c e  a r e a ,  and
ds = 8vrRdR. (47)
I f  P I s  th e  f r e e  en erg y  in  th e  d ro p , and F0 th e  f r e e  energy  
in  a  la rg e  body o f  th e  l iq u i d ,  th e  change in  f r e e  energy  in  
a  t r a n s f e r  o f  dn m olecu les from th e  b u lk  l iq u id  to  th e  
d r o p le t ,  i s ,
dP = (F -  F °)d n ,
=«rds, (48)
th e  change in  s u r fa c e  en erg y . S u b s t i tu t in g  ds from  E q u a tio n
(47) in to  t h i s  e q u a tio n  r e s u l t s  in ,
(F - F°) = 20-M/^AR = 2S/R (49)
v h e re  M i s  th e  a tom ic  w e i g h t , ^ ,  the  d e n s i ty ,  A, A vogadro 's
number, and (F -  F °) i s  th e  excess f r e e  energy  p e r  atom in  
th e  d r o p le t  over th e  f r e e  energy  in  th e  b u lk  l iq u id ,  s  i s  
d e fin e d  by E q u atio n  (4 9 ).
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The f r e e  energy  o f  th e  l iq u id  in  th e  d r o p le t  and th e  
embryos f o r  th e  new p h ase , assum ing s p h e r ic a l  em bryos, can 
be w r i t te n
G = n^g* + n ^ s / R  + n^g\p + 4rrr 2<r* (50)
where r  i s  th e  r a d iu s  o f th e  embryo and <r* th e  i n t e r f a c i a l  
energy  between th e  embryo and th e  l iq u id .  F o r r  = 0;
G0 = (* * +  n^Jg^ + (n « +  n ^ S / R .
Then,
AG -  n^(^3  -  go<) -  n ^ s / R  + 4irr2<r'. (51)
T h is has a  maximum v a lu e  w ith  r e s p e c t  to  r ,  found In  th e  
u su a l way.
&AG/& r  = 12jrr2/3v^ (g/3 -  g*) -  12rrr2/ 3 ^  (2S/R) + S^rcr' = 0 
S o lv ing  f o r  r c , th e  v a lu e  o f  r  f o r  maximum AG,
r c = 2£T*/(AGv -  A/R) (52)
where A = 2 8 /v ^ . The maximum v a lu e  o f  AG i s
AG* = ( l 67r /3 ) j > ,3 /(AGv -  A /R)2 ] (53)
as compared to  th e  sim ple  case  (E quation  (1 7 ) ) .
AG* = (l67r/3)[cr«3/(AGv )2J .
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The k in e t ic s  o f s o l i d i f i c a t i o n  can now be d e sc r ib e d .
As th e  tem p era tu re  i s  low ered , no s o l i d i f i c a t i o n  ta k e s  p la c e
u n t i l  a  tem p era tu re  i s  reached  a t  which th e  r a t e  o f  n u c le -
a t io n
I  = K exp(-4G *A^) (2 7 )
i s  a p p re c ia b le . AG* th en  has a  c e r t a in  v a lu e  dependent on 
R. S o l id i f i c a t i o n  w i l l  co n tin u e  iso th e rm a lly  a lo n g  th e  
p a th  p re d ic te d  by Avrami f o r  th e  case  o f a  l im ite d  number 
o f  n u c le a t io n  s i t e s  f o r  each v a lu e  o f  R u n t i l  a l l  th e  
d ro p le ts  o f a  c e r t a in  s iz e  o r  l a r g e r  have s o l i d i f i e d .  The 
tra n s fo rm a tio n  th en  s to p s . The v a lu e  o f  t h i s  " c r i t i c a l "  
r a d iu s  i s  found from E quation  (5 2 ),
R0 = a / a Gv . (5^)
I f  th e  tem p era tu re  i s  low ered f u r t h e r ,  th e  t r a n s f o r ­
m ation  co n tin u es  as th e  sm a lle r  d ro p le ts  s o l i d i f y .  I f  a t  
any tim e th e  tem p era tu re  i s  h e ld  c o n s ta n t th e  t r a n s f o r ­
m ation  s to p s  a f t e r  a  p e rio d  o f  Iso th e rm a l n u c le a t io n ,  
which becomes s h o r te r  a s  th e  tem p era tu re  d e c re a s e s .
E quation  (53) th e n  c o n ta in s  th re e  param eters  cr', A 
and AGy which m ust be assum ed, c a lc u la te d ,  o r  determ ined 
from th e  ex p e rim e n ta l d a ta .  The v a lu e  o f Gv can be 
e s tim a te d  to  an  accu racy  s u f f i c i e n t  f o r  th e  p re s e n t  p u rp o ses . 
I t  i s  n e c e s sa ry  to  c o n s id e r  aGv as a  fu n c tio n  o f tem p era tu re
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s in c e  In  t h i s  ex p erim en t, a T_ extended over a  c o n s id e ra b le  
ra n g e . I t  i s  b e lie v e d  th a t  th e  a v a i la b le  d a ta  a re  n o t 
s u f f i c i e n t l y  a c c u ra te  to  j u s t i f y  a  more p re c is e  f r e e  
energy  fu n c tio n  th an
AGV * AAT/T0 . (55)
where A i s  th e  h e a t  o f  fu s io n  p e r cm3 and AT -  T -  T^» For
o 7a  su p e rco o lin g  o f 3*7 f o r  sodium , z*Gv = 1 .2 6  x 10 e rg s
p e r  cm3, and f o r  AT_ = 1 2 .6 ° , AGV = 4 .7 8  x 10?. The v a lu e s
o f  <r* and 5 should  now be c a lc u la b le  from th e  d a ta  in  t h i s
p ap e r.
The k in e t ic  c o e f f i c i e n t  fo r  h e te ro g en eo u s n u c le a t io n ,  
a s  d e riv ed  by T u rn b u ll, has been g iv en  p re v io u s ly  as
K = (ns kT/)i)exp(-AFA/k T ) , (56)
where n s i s  th e  number o f  su rfa c e  atoms o f  th e  d ro p le ts  
p e r  cm^ o f  sam ple, k , T and h have t h e i r  u s u a l  meaning and 
AFa  i s  th e  a c t iv a t io n  energy  f o r  d i f f u s io n .  The term  
exp(-AFA/kT ) i s  u s u a l ly  assumed to  be ab o u t u n i ty .  F o r 
sodium d ro p le ts  w ith  r a d iu s  o f  0 .5  m ic ro n s, K ~  1 0 ^ .  An 
e r r o r  o f  a f a c to r  o f 10 in  t h i s  c o e f f i c i e n t  in tro d u c e s  an 
e r r o r  o f  o n ly  a  few p e rc e n t in  th e  v a lu e  o f  AG* (E quation  
(2 7 ) ) .
I f  i t  i s  assumed th a t  a  m easureab le  v a lu e  o f I  i s  
100  p e r  second p e r  cm^ and th a t  th e  l a r g e s t  p a r t i c l e s
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f re e z e  f i r s t ,  th en  a t  T = 367° K, E q u atio n  (2 7 ) becomes, 
f o r  R = 5 x 1 0 cm,
100 = 1031 exp[-I61TO'*3/3kT(1 .2 6 x 107 - 2A x 10V ]
and
<r*3 = (207/161T)k367(12.6 x 107 - 2A x ic/*)2. (57)
The tem p era tu re  a t  which 90 p e rc e n t o f th e  sample 
was s o l i d i f i e d ,  was 358° K. I f  90 p e rc e n t o f th e  sample 
i s  assumed to  c o n s is t  o f  p a r t i c l e s  w ith  r  g r e a te r  th a n  
0 .0 5  m icrons,
<r»3 = (207/167r)k358(4 .8  x 107 - 2A x 105)2. (5 8 )
O
S o lv in g  E quations (57) and (5 8 ) ,  <r* = 2 .5  e rg 3 p e r  cm and
2
A -  195 e rg s  p e r  cm .
The v a lu e  o f  nG* f o r  a  c o n s ta n t tem p era tu re  a s  a  
fu n c tio n  o f  R can now be c a lc u la te d  from  E q u atio n  (53)• 
F ig u re  39 shows a  p lo t  o f t h i s  v a r i a t i o n .  The s lo p e  o f 
th e  l in e  a t  th e  low er tem p era tu re  i s  v e ry  s te e p ,  so th a t  
as  th e  tem p era tu re  i s  low ered th e  tra n s fo rm a tio n  becomes 
more n e a r ly  n o n - iso th e rm a l. T h is a g re e s  w ith  th e  r e s u l t s  
o f th e  iso th e rm a l s o l i d i f i c a t i o n  ru n s .
The v a lu e  o f R0 , th e  c r i t i c a l  r a d iu s  f o r  n u c le a t io n  
a t  a  g iven  te m p e ra tu re , i s  g iv en  by E q u a tio n  (5 4 ) . The 
v a lu e  o f AGV i s  g iv en  by E q u a tio n  (55) • From th e se
3  4  5  6  7  8  9  I0 's
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q u a n t i t le s  th e  v a lu e  o f  Ro as a  fu n c tio n  o f tem p era tu re  
can be d e te rm in ed . F ig u re  40 shows th e  v a lu e  o f R0 a s  a  s 
fu n c tio n  o f te m p e ra tu re . F ig u re  4 l  shows th e  r a t e  of 
n u c le a t io n  a s  a  fu n c t io n  o f R a t  367° ,  362° and 358° K a s
determ ined w ith  th e  a id  o f E quations (2 7 ) and (53)* From
■a
th e se  c u rv e s , and an  assumed v a lu e  o f  I  = 100 p e r  cn r p e r
s e c , one g e ts ,  a t  T = 367°  K, R0 = 5 x 10 ^ a t  T = 362°,
R0 = 1 x 10~5 , and a t  T = 358° K, R0 = 0 .4 9  x lO- 5 . The
assumed v a lu e  f o r  I  i s  rough ly  c o n s is te n t  w ith  th e  minimum
o b se rv ab le  p e rc e n ta g e  o f new s o l i d i f i c a t i o n  o f two p e rc e n t
in  th e  re a so n a b le  tim e o f 48 h o u rs .
From th e  d a ta  o f  th e  iso th e rm a l s o l i d i f i c a t i o n  ru n s
(F ig u re  35) th e  fo llo w in g  p a r t i c l e  s iz e  d i s t r i b u t i o n  can
be d e te rm in ed . N in e ty  p e rc en t o f th e  volume o f  th e  sample
i s  made up o f  d r o p le t s  w ith  a r a d iu s  g r e a te r  th an  0 .4 9  x 1 0 ”5
cm, 81  p e rc e n t o f  d r o p le ts  w ith  g r e a te r  th a n  1 x 10"-* cm
r a d iu s ,  56  p e rc e n t o f  d ro p le ts  w ith  r a d iu s  g r e a te r  th a n
5 x 10-5 cffi  ^ an<3 no£ more th an  two p e rc e n t o f th e  volume comes
-4from d ro p le ts  w ith  a  ra d iu s  o f 1 .7  x 10 cm o r  g r e a te r .
F ig u re  42 shows th e  cum ulative p e rc e n t volume a s  a  
fu n c t io n  o f th e  d r o p le t  ra d iu s  R. The p a r t i c l e  s iz e  
d i s t r i b u t i o n  o b ta in ed  from th e  s lo p e  o f  t h i s  curve i s  shown 
in  F ig u re  43 . T h is curve i s  to  be compared w ith  F ig u re  30A, 
a s o b ta in ed  from th e  m e ltin g  experim en ts on th e  same sam ple.
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V COHCLUSIOWS AHD RECOMMENDATIOHS
The o b se rv a tio n s  f o r  b o th  th e  m e ltin g  and th e  s o l i d i ­
f i c a t i o n  o f th e  d isp e rse d  sample o f  sodium a re  ex p la in ed  
by a  p a r t i c l e  s i z e  e f f e c t .  P a r t i c l e  s iz e  d i s t r ib u t io n s  
a re  o b ta in ed  from th e  m e ltin g  d a ta  and from th e  s o l i d i ­
f i c a t i o n  d a ta .  These d i s t r i b u t i o n  cu rves a re  q u i te  s im i la r ,  
b u t th e  curve from  th e  m e ltin g  d a ta  has a  maximum a t  R 
e q u a l to  abou t 4 x 1 0 cm w h ile  th e  curve from th e  s o l i d i ­
f i c a t i o n  d a ta  has a  maximum a t  2*5 x 10“^ cm. The m e ltin g  
curve p r e d ic ts  a  sm a lle r  number o f la rg e  p a r t i c l e s  th an  
th e  s o l i d i f i c a t i o n  cu rv e . C o n sid e rin g  th a t  th e  th e o r ie s  
f o r  bo th  th e  low ering  o f  th e  m e ltin g  p o in t and th e  low ering  
o f th e  f r e e z in g  p o in t  a s  a  fu n c t io n  o f  p a r t i c l e  s iz e  a re  
la r g e ly  q u a l i t a t i v e ,  th e  agreem ent betw een th e  m e ltin g  d a ta  
and th e  s o l i d i f i c a t i o n  d a ta  i s  to  be co n sid ered  s a t i s f a c to r y .
In  a d d i t io n  to  t h i s  some v e ry  Im portan t c h a r a c t e r i s t i c s  
o f th e  s o l i d i f i c a t i o n  o f  th e  sample have been observed .
These c h a r a c t e r i s t i c s  may be summarized as fo llo w s : ( 1 ) ,
th e re  I s  an  u n d e rco o lin g  which depends to  some e x te n t  on 
th e  r a t e  o f  c o o lin g , (2 ) ,  over p a r t  o f th e  range o f s o l i d i ­
f i c a t i o n  th e  tra n s fo rm a tio n  i s  n o n - iso th e rm a l, b u t i f  th e  
tem p era tu re  i s  r a is e d  from a low v a lu e  to  a  h ig h e r  one, 
th e  tra n s fo rm a tio n  w i l l ,  in  tim e , proceed is o th e rm a lly ,
( 3 ) ,  th e  tra n s fo rm a tio n  i s  r e v e r s ib le  over p a r t  o f  i t s  
ra n g e , though th e re  i s  h y s te r e s i s  in  th e  r e v e r s i b i l i t y ,  and ,
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(4 ) ,  th e  tra n s fo rm a tio n  e x h ib i ts  a " s t a b i l i z a t i o n "  e f f e c t .
To the knowledge of the author, there is no reference 
in the literature which lists the above characteristics, 
except that of undercooling, for a liquid-solid transfor­
mation. It is believed that the small particle size in 
the sample is responsible for the non-isothermal character 
of the transformation as explained in Section IV, and the 
heterogeneous nature of the nucleation process is responsible 
for the reversibility and "stabilization" of the transfor­
mation.
The effect of the nucleation catalyst may be explained 
as follows. If the sodium forms coherently on the NaOH 
as it solidifies, the sodium droplet will be strained be­
cause of the disregistry between the lattice of the NaOH 
and the sodium lattice. This strain contributes to the 
energy of the droplet and If the particle size is small 
enough, the strain energy per atom will be an appreciable 
part of the total energy. So when the solidification is 
interrupted and the temperature raised, the strain energy 
is sufficient that the particles can remelt at a tempera­
ture very much below the normal melting point. However,
If the temperature Is lowered sufficiently, the sodium 
lattice loses its strain, either at the expense of the 
NaOH or by an annealing process, so that now the tempera­
ture must be raised to the normal melting point before
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any melting takes place.
The "stabilization" is explained on the basis that 
as the temperature is falling the tendency for the nucleus 
to form coherently on the NaOH layer contributes to the 
energy to the system. If the cooling is stopped and the 
temperature held constant for a period of time, this 
energy is given up, and now the temperature must be lowered 
more to produce a given effect, than if the temperature 
had fallen continuously.
The results of the experiments described in this 
dissertation indicate that further studies of the effect 
of particle size on the solidification of a sample by 
heterogeneous and by homogeneous nucleation would con­
tribute significantly to the understanding of the process 
of phase transformations. A separate determination of the 
particle size distribution in the sample used In these ex­
periments would be of great value in determining the 
relative importance of the various energy terms in the ex­
pression for AG*.
The observation of the progress of the transformation 
with x-rays, using a proportional counter x-ray detector, 
is both convenient and accurate and very well suited for 
this type of study.
APPENDIX I
An estimate of the temperature difference across the 
face of the sample may be obtained by considering the 
simple case of one dimensional heat flow. The equation
heat and the density of the material. This equation is 
solved by separating the variables. The solution is
where (3 is a constant. The boundary and initial conditions 
are: at t = 0, T(x) = T0, a constant, and at all times,
T at x : 0 and x = 1 is zero. This latter condition rules 
out the cosine term in Equation (2) and requires that 
I3 = mr/l* where n is an integer and 1 is the length of the 
sample. To apply the first condition the solution is 
assumed to be a series,
for one dimensional heat flow is
bT/bt = * 2b2T/bx2, (1)
2
where = k/c^, k the thermal conductivity, c the specific
T = (exp(~°t2|32t)) (sin/3x + cos /?x), (2 )
oo _
T ~ ^ 7an^exp ‘^ °^ Z3 tJJaMnTO/l)# (3)
with
T0sin(nrfx/l)dx.
o
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I n te g r a t io n  o f E quation  (4) g iv e s  th e  v a lu e  o f an = 0 
f o r  n  even , and an = 4T0/n ir  f o r  n odd. The tem p era tu re  
a t  any p o in t  a lo n g  th e  b a r  i s  th e n ,
T = ( 4/rr)T0 [exp[-(o(Ti'/l)2t] s in ( 7T x/l) +
(l/3 )ex p [-(3 « t7 T /l)2 t ] s ln ( 3 t r x / l )  + . . . . }  (5 )
The tem p era tu re  a t  th e  c e n te r  o f  th e  b a r  i s  th e  lo w e s t, and 
th e re fo re  i s  o f  most i n t e r e s t .  T his i s  g iv en  by
T = (V?r)T0 fex p [-(c t7 r/i)2 t ]  -  (1 /3 )  exp [ - ( 3 ^ / 1 ) 21] + . . . . } ( 6 )
To c a lc u la te  we assume t h a t  th e  h e a t  c o n d u c tiv i ty  
o f th e  o il-so d iu m  d is p e r s io n  i s  n e g l ig ib le  compared to  the  
b e ry lliu m  windows, b u t th a t  th e  h e a t  c a p a c i ty  o f th e  sample 
i s  th e  t o t a l  o f th e  b e ry lliu m  windows and th e  d is p e r s io n .  
T able IA shows th e  h e a t  c a p a c i ty ,  h e a t  c o n d u c tiv i ty  and 
d e n s i ty  o f  sodium , o i l  and b e ry lliu m . U sing th e se  v a lu e s ,
*2 = 0 .2 6 , and f o r  1 = 0 .6  cm, (o(7r/i) 2 z j .  At th e  end o f 
one second th e  tem p era tu re  a t  th e  c e n te r  i s  e q u a l to  
10 Tq . so  tem p era tu re  e q u il ib r iu m  i s  e s ta b l is h e d  in s ta n ­
ta n e o u s ly  a c ro s s  th e  fa c e  o f th e  sam ple.
The tem p era tu re  d i f f e r e n c e  th rough  th e  sample may be 
e s tim a te d  in  a  s im i la r  m anner, i f  th e  h e a t  c o n d u c tiv i ty  
o f th e  sample i s  co n sid ered  to  be l im ite d  by th e  o i l .  Then, 
= 0.0005 and f o r  1 = 0 .05  cm ( tf f l / l ) 2 = 7» Prom E quation
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Appendix Table IA
Thermal Properties of Sodium, Oil and Beryllium*
Density Specific Heat Thermal Conductivity 
(cal per °C gm) (cal per sec cm °C)
Sodium 0 .97  0 .296 0.322
O il 0 .92  0 .43  0.00035
B ery llium  1 .82  0.425 0 .3 8 5
Smithell's Metals Reference Book, Interscience, Mew York
(1949).
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(5 ) ,  a t  th e  end o f  one second th e  tem p era tu re  in  th e  c e n te r
o f th e  sample i s  10*3  «j»o . so e q u ilib r iu m  in  t h i s  d i r e c t io n
i s  reached  in s ta n ta n e o u s ly .
When th e  sample i s  m e ltin g , an e f f e c t iv e  s p e c i f i c
h e a t  may be c a lc u la te d  s in c e  th e  m e ltin g  occu rs over a
range o f te m p e ra tu re s . Prom F ig u re  27 , f i f t y  p e rc e n t o f
the  sample m e lts  over a range o f  0 .044° C. The e f f e c t iv e
s p e c i f i c  h e a t  i s  th en  ap p ro x im ate ly  720 c a l  p e r °C p e r gm,
2 -6and °< = 5 .7  x 10 . The maximum tem p era tu re  d i f f e r e n c e
th rough  th e  sample can now be c a lc u la te d  from  E q u atio n  (5 ) .  
A t t  = 60 seconds th e  tem p era tu re  a t  th e  c e n te r  o f  th e  
sample i s  T = 0 .6 7  T0 , and a t  t  = 300 seco n d s, T = 0 .0 8  T0 . 
So th a t  e q u il ib r iu m  i s  e s ta b l is h e d  much more slow ly  th an  
when th e  sample i s  n o t m e lt in g , b u t s t i l l  f a s t  enough so 
t h a t  th e  tem p era tu re  la g  in  th e  c e n te r  o f th e  sample i s  
s m a ll .
APPENDIX I I
A c a lc u la t io n  may be made to  de te rm ine  I f  th e  sample 
w i l l  com p lete ly  m e lt I f  I t  has a  p e r f e c t ly  sh a rp  m e ltin g  
p o in t ,  and i f  th e  tem p era tu re  o f  th e  sample Is  a t  th e  
m e ltin g  p o in t  and th e  tem p era tu re  o f  th e  c o n ta in e r  I s  
0 .0 1 °  C above t h i s ,  w ith  no h e a t  e n te r in g  o r  le a v in g  th e  
system . T his c o n d itio n  I s  approached In  th e  ru n  d e sc r ib e d  
on page 60 and shown In  F ig u re  28.
The w eigh t o f  copper In  th e  o i l  b a th  i s  c a lc u la te d  
to  be 1100 gm and th e  w eigh t o f  th e  o i l  i s  138 gm. The
s p e c i f ic  h e a t  o f copper i s  0 .9 3  and o f  th e  o i l  i s  0 .43
c a l  p e r  °C p e r  gm, so t h a t  th e  h e a t  c a p a c i ty  o f  th e  copper
i s  100 c a l  p e r  °C and o f  th e  o i l  i s  60 c a l  p e r  °C, a  t o t a l
o f  160 c a l  p e r  °C.
The w eigh t o f  sodium in  th e  sample i s  c a lc u la te d  to  
be ap p ro x im ate ly  0 .0 0 7  gm, and i t s  l a t e n t  h e a t  o f  fu s io n  
i s  31*7 c a l  p e r gm. So th e  h e a t  n e c e ssa ry  to  com p le te ly  
m e lt th e  sample i s  0 .2 3  c a l .  I f  th e  tem p era tu re  o f  th e  
c o n ta in e r  i s  0 .01  °C above th e  tem p era tu re  o f  th e  sample 
which i s  a t  i t s  m e ltin g  p o in t ,  th en  th e re  i s  1 .6  c a l  o f 
h e a t  a v a i la b le  to  m elt th e  sam ple. T his i s  seven tim es 
th a t  n e c e ssa ry . I t  i s  concluded th e n , t h a t  th e  e n t i r e  
m e ltin g  curve r e p re s e n ts  p a r t i c l e  s iz e  e f f e c t s  on th e  
m e ltin g  tem p era tu re .
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APPENDIX I I I
The width of the x-ray diffraction line can be used 
to estimate the size of the scattering particle. Schemer^
■^ Scherrer, P., Gflttlnger Nochrichten, 2, 9 8(1 9 1 8).
developed an expression for the particle size as a function 
of the width of the line, thus,
D * (KV^)cos 6 (1)
where D is the mean size of the crystallites, K, a constant 
depending on the definition of the width of the line /3, and 
the particle shape, is the wavelength and 0 the Bragg 
angle. If p is taken as the angular-width at the points of 
half-intensity, K is O.92. For application to x-ray dif-
2
Klug, H. P. and Alexander, L. E., X-Ray Diffraction Pro­
cedures , p. 512, Wiley, New York(1954).
fraction patterns, the half-width must be corrected for the 
instrumental broadening of the line. Jones3 has developed
^ J o n e s ,  f .  w ., Proc. Roy. Soc., (London), 166a, 1 6(1 9 3 8).
an expression for correcting the observed width of the line 
for instrumental effects. His results are presented in 
graphical form, and relate the ratio of true-width to the 
observed-width for small particles to the ratio of the
-1 3 7 -
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o b se rv ed -w id th  fo r  large p a r t ic le s  t o  the o b se rv e d -w id th  
f o r  sm a ll p a r t i c l e s .  In  p ra c tic e , t h e  unknown sam ple may be 
mixed w ith  a  sample of a d i f f e r e n t  m a t e r i a l  o f  known p a r t i ­
c le  s iz e  and th e  d i f f r a c t io n  p a tte rn  of bo th  m a te r ia ls  
ta k e n  s im u ltan eo u sly . T h u s , the r a t i o  of t h e  w id th s o f  the 
l in e s  o f  th e  two m a te r ia ls  can be d i r e c t l y  d e te rm in e d . The 
a cc u ra c y  w ith  which the S c h e rre r  e q u a t io n  c a n  be a p p lie d  
i s  l im ite d  by th e  success w ith which, ft can b e  deduced from 
th e  e x p e rim e n ta lly  observed  bread th . The m ethod becomes 
more a c c u ra te  as the p a r t i c l e  size d e c r e a s e s .  G e n e ra lly  
th e  r a t i o  o f  th e  measured lin e -w id th  fo r l a r g e  p a r t i c l e  
s iz e  (2 m icron) to  the measured l i n e —width f o r  th e  sm all 
p a r t i c l e  s i z e  must be of t h e  order 0 . 7  or l e s s ,  b e fo re  the 
method becomes accura te . Prom the o b se rv ed  l in e - w id th  fo r  
th e  sodium p a r t i c l e s ,  i t  i s  c a lc u la te d  th a t p a r t i c l e  s iz e s  
l e s s  th a n  200 would c a u se  th is am o u n t of b ro a d e n in g .
In  th e  experiments describ ed  h e r e ,  t h e r e  was no n o t ic e ­
a b le  b ro ad en in g  observed i n  the w id th  of th e  l in e  as th e  
sample m elted  o r  as i t  s o l id i f i e d .  T h is  f a c t  to g e th e r  w ith 
th e  appearance  of the sam ple when o b se rv ed  u n d e r a  m icro ­
scope has le d  to  the assum ption t h a t  90 p e rc e n t  o f  th e  
volume o f  th e  sample c o n s is t s  of p a r t i c l e s  w i th  d ia m e te rs  
g r e a te r  th a n  1 0 “5 cm.
BIBLIOGRAPHY
Alexopolus, K. and Euthymion, P., Phil. M ag., 45 , 1132(1954).
Avraml, M ., J .  Chem. Phys., 7 , 1103(1939).
B ecker, R . , Ann. d . P h y s lk , 32, 128(1938).
B ecker, R. and D flring, W., Ann. d . P h y s lk , 5 -2 4 , 719(1935).
Benedict, M ., Rev. Sci. I n s t r . ,  8 , 252(1937).
B id v e l l ,  C. C ., Phys. R ev ., 23 , 357(1924).
B id w e ll, C. C ., Phys. R ev ., 27 , 381(1926).
Born, M., J .  Chem. Phys., 7 , 591(1939).
Born, M., e t  a l ,  P ro c . Cambridge P h i l .  S o c .,  36 , 160, 173,
454, 466(1940).
Born, M., e t  a l ,  P ro c . Cambridge P h i l .  S o c .,  37 , 34 , 177,
(1 9 4 1 ). —
Born, M., e t  a l ,  P roc . Cambridge P h i l .  S o c .,  38 , 61 , 6 7 ,
82(1942). —
Born, M., e t  a l ,  P ro c . Cambridge P h i l .  S o c .,  39 , 101, 104,
113(1943).
Born, M., e t  a l ,  P roc . Cambridge P h i l .  S o c .,  40 , 151(1944).
B r i l lo u in ,  L . ,  Ann. d .  P hyslk , 1 7 , 88 (1922).
B rooks, H ., M etal I n t e r f a c e s , Am. Soc. M e ta ls , C leveland 
(1952).
C a rp e n te r , L. G ., J .  Chem. P h y s ., 21 , 2244(1953).
C a rp en te r , L. G ., H a r le , T. P . ,  and S tew ard , C. J . ,  N a tu re ,
141, 1015 ( 1 9 3 8 ) .
C a rp en te r , L. G. and S te v a rd , C. J . ,  P h i l .  M ag., 27,
551(1939).
C h ib u la , A . ,  J .  I n s t .  M e ta ls , 80 , 1 (1951).
Cohen, M., Phase Transformations in Solids, Wiley, New York
(1951).
-1 3 9 -
-1 4 0 -
C o llen g e , J .  P . ,  T h e s is , M. S . ,  Ohio S ta te  U n iv e r s i ty ( l9 4 9 ) .
Compton, A. H. and A l l is o n ,  S . K ., X-Rays In  Theory and
E xperim en t, Van N ostrand , Nev Y o rk (l9 3 9 ).
Darwin, C. G., Phil. Mag., 6 -2 7 , 675(1914).
Debye, P . ,  Ann. d . P h y slk , 39, 789(1912).
Debye, P . ,  Ann. d . P h y slk , 43 , 49(1914).
E b o r a l l , M. D ., J .  I n s t .  M e ta ls , 7 6 , 321(1949).
E in s te in ,  A ., Ann. d . P h y slk , 33 , 1275(1910).
Faxen, H ., Ann. d . P h y slk , 17, 615(1918).
Faxen, H ., Z e i t .  f .  P h y s lk , 17, 266(1923).
F i s h e r ,  J .  C ., Hollom an, J .  H. and L eschen, J .  G ., In d .
Eng. Chem., 44 , 1324(1952).
F ra n k , F . C. and Van d e r  Merwe, J .  H ., P ro c . Roy. Soc.
(London), I 98A, 216(1949).
G la ss to n e , S . ,  L a ld le r ,  K. J .  and E y rin g , H ., The Theory o f 
R ate P ro c e s s e s , M cGraw-Hill, New Y ork(194lTT
G u ln ie r , A .,  European S c i e n t i f i c  N o tes, 6 , 295(1952).
H arbury, L . , J .  Phys. and C o llo id  Chem., 50 , 190(1946).
H e rz fe ld , K. and G oeppert Mayer, M ., Phys. R e v ., 46, 995
(1934 ).
H inshelw ood, C, N. and H a r tle y , H ., P h i l .  M ag., 6 -4 3 , 78
( 1922) .  "
Holloman, J .  H. and T u rn b u ll , D ., P ro g re ss  in  M etal P h y s ic s ,
4 , 333(1953).
H titt ig  and B ra d k a r t , Z. Anorg. Chem., 161, 2 5 6 ( 1 9 2 7 ) .
I n te r n a t io n a l  T ab les f o r  th e  D e te rm in a tio n  o f C ry s ta l  
S t r u c tu r e s . G ebrtider B o rn tra e g e r , B e r l ln ( l9 3 5 ) *
Jo n e s , F . W., P ro c . Roy. S o c .,  (London), 166a , 16 (1938).
K an tro w itz , A ., J .  Chem. P h y s ., 19, 1097(1951).
-1 4 1 -
Kirkwood, J .  G. and M onroe, E . ,  J .  Chem. P h y s ., 9,  514
(1 9 4 1 ).
Kirkwood, J .  G. and B u ff , F . P . ,  J .  Chem. P h y s ., 17, 338
(1 9 4 9 ). ~~
Kirkwood, J .  G. and B u ff , F . P . ,  J .  Chem. P h y s .,  18 , 991
(1 9 5 0 ).
K lug, H. P . and A lex an d e r, L. E . ,  X-Ray D i f f r a c t io n  P ro ­
ced u res , New Y ork(1954).
K o rff , S. A .,  N u c le o n ic s , 6 , l ( J u n e ,  1950).
K o rff , S. A .,  N u c le o n ic s , 7 , 4 6 (Nov. ,  1950).
K o rff , S . A ., N u c leo n ic s , 8 , 3 8 ( J a n . ,  1951).
K o sse l, ¥ . ,  D ie M oleku laren  Vorgflnge beim K ris ta llw a c h s tu rn , 
L e ip z ig (1 9 2 8 ).
LaMer, V. K ., In d . Eng. Chem., 44 , 1269(1952).
L aue, M. v . , Ann. d . P h y s ik , 81 , 877(1926).
LeMieux, A. F . and Beeman, W. W., Rev. S c i .  I n s t r . ,  17,
130(1944).
L en n a rd -Jo n es , J .  E. and D ev o n sh ire , A. F . ,  P ro c . Roy. Soc.
(L ondon), 169A, 317(1939).
Lindemann, F . ,  P h y s ik . Z e i t . ,  11 , 609(1910).
Loeb, L. B . ,  K in e tic  Theory o f  G ases, M cGraw-Hill, New York 
(1927).
M ayer, J .  E . ,  J .  Chem. P h y s ., 15, 187(1947).
Me11o r 'a  Modern In o rg a n ic  C hem istry , Longmon‘s , Green and C o ., 
_ _ New Y ork(1939).
! »■
M ott, N. F . and G urney, R. W., E le c t ro n ic  P ro cesse s  in  Io n ic
C r y s t a l s , The C larendon P re s s ,  O xfordjlgiW JT
P av lov , J . ,  J ,  R uss. Phys. Chem. S o c ., XL, 1022(1908).
P ep in sky , R. and Je rm o tz , p . ,  Rev. S c i .  I n s t r . ,  19, 247(1948).
-1 4 2 -
Pound, G. H ., In d . Eng. Chem., 44, 1278(1952).
Pound, G. M. and LaMer, V. K ., J .  Chem. P h y s ., 7 4 , 2323
(1952).
P re c k sh o t, G. W. and Brown, G. G ., In d . Eng. Chem., 44 ,
1314(1952). —
P ro b s te in , R. P . ,  J .  Chem. P h y s ., 19 , 619(1951)*
Raschewsky, N. v., Zeit. f. Physlk, 40 , 214(1927).
R e is s ,  H. J . ,  J .  Chem. P h y s ., 20 , 1216(1952).
R eynolds, J .  A. and T o t t l e ,  C. R ., J .  I n s t .  M e ta ls , 8 0 ,
93(1951)* ~
R le , E . ,  Z e i t .  f .  Phys. Chem., 104, 354(1923).
Rodebush, W. H ., In d . Eng. Chem., 44 , 1289(1952).
S c h e rre r ,  P . ,  G flttin g e r N o eh rlch ten , 2 , 98 (1918).
S c h ro ed in g e r, E . ,  P h y s ik . Z e i t . ,  15, 79 (1914).
S e i tz ,  P . ,  The Modern Theory o f  S o l id s , M cGraw-Hill, New 
Y ork(1940).
S h i l l a b e r ,  C. P . ,  Photom icrography, W iley , New Y ork(1949).
S m i th e l l 's  M etals R eference  Book, I n te r s c le n c e ,  New York
(1949).
Smoluchowski, M ., Ann. d . P h y s ik , 25 , 205(1908).
Smoluchowskl, R ., Phase T ran sfo rm atio n s  in  S o l id s ,  W iley ,
New Y o rk ( l9 5 l) .
Smoluchowski, R . , In d . Eng. Chem., 44 , 1321(1952).
S tru c tu re  R e p o rts , V ol. 13 , 00STH0EK-UTRECHT(1950).
Tolman, R. C ., J .  Chem. P h y s ., 17, 333(1949).
T u rn b u ll , D ., J .  Chem. P h y s ., 18 , 198(1950).
T u rn b u ll , D ., J .  A ppl. P h y s ., 21 , 1022(1950).
T u rn b u ll , D ., J .  Chem. P h y s ., 20 , 411(1952).
-1 4 3 -
T u rn b u ll, D. and Ceck, R. E . , J .  A ppl. P h y s ., 21, 804
(1950). ~~
T u rn b u ll , D. and F is h e r ,  J .  C ., J .  Chem. P h y s .,  17 , 71
(1949). ~
T u rn b u ll , D. and V onnegut, B . ,  In d . Eng. Chem., 44 , 1292
(1952). —
Van d e r  Merve, J .  H ., P ro c . Phys. S o c .,  63A, 616(1950).
Volm er, M ., Z e i t .  f .  E lek tro ch em ., 35 , 555(1929).
Volmer, M. and F lo o d , H. Z . ,  Z e i t .  f .  Phys. Chem., 170A, 
273(1934). -------
Volmer, M. and W eber, A ., Z e i t .  f .  Phys. Chem., 119, 227 
(1925).
V onnegut, B ., J .  A ppl. P h y s .,  18, 593(1947).
W alle r, I . ,  Z e i t .  f .  P h y slk , 17, 389(1923).
W alle r , I . ,  Z e i t .  f .  P h y s ik , 51 , 213(1928).
W alle r, I . ,  Ann. d . P h y s ik , 79 , 261(1926).
W a lle r, I . ,  Ann. d . P hysik , 8 3 , 1 5 4 ( 1927 ) .
W ilch ln sk y , Z, W ., A cta C r y s t . ,  4 , 1 (1951).
W yckoff, R. W. G ., C ry s ta l  S t r u c tu r e s ,  I n te r s c ie n c e ,
Nev yorkT l95 lJ^
Z e ld o v ic h , J .  B .,  A cta Physiochim , USSR, 18 , 1 (1943).
Z ener, C. and Jau n cey , G. E . M., Phys. R ev ., 49 , 17(1938).
AUTOBIOGRAPHT
I, Bernard Andrew Kulp, was born In Columbus, Ohio, 
August 3 , 1923* I received my secondary school education 
at St. Charles High School In Columbus. My undergraduate 
training was obtained at The Ohio State University and 
The University of Minnesota, in Minneapolis. I received 
the degree of Bachelor of Electrical Engineering, with 
high distinction, In 1946 from the latter university. I 
received the degree of Master of Science in Physics from 
The Ohio State University In 1947* From 1947 to 1950, I 
was employed as Research Engineer at the Carnegie-Illinois 
Steel Corporation, Chicago, and Battelle Memorial Institute 
in Columbus. I returned to The Ohio State University in 
1950 to continue my studies toward the degree Doctor of 
Philosophy. I remained at Battelle on a part time basis 
while completing the requirements for the latter degree.
-1 4 4 -
